Kinetics and reactor design in the pyrolysis of tar sands by Lechner, Charles Arthur
Scholars' Mine 
Doctoral Dissertations Student Theses and Dissertations 
Summer 1985 
Kinetics and reactor design in the pyrolysis of tar sands 
Charles Arthur Lechner 
Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations 
 Part of the Chemical Engineering Commons 
Department: Chemical and Biochemical Engineering 
Recommended Citation 
Lechner, Charles Arthur, "Kinetics and reactor design in the pyrolysis of tar sands" (1985). Doctoral 
Dissertations. 581. 
https://scholarsmine.mst.edu/doctoral_dissertations/581 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
KINETICS AND REACTOR DESIGN 
IN THE PYROLYSIS OF TAR SANDS 
BY 
CHARLES ARTHUR LECHNER, 1959-
A DISSERTATION 
Presented to the Faculty of the Graduate School of the 
UNIVERSITY OF MISSOURI-ROLLA 
In Partial Fulfillment of the Requirements for the Degree 












Data from the thermal decomposition of bitumen from Utah 
tar sands was obtained and analysed with both isothermal and 
non-isothermal chemical reaction models. The use of a power 
rate law to describe the complex kinetics of pyrolysis gave 
agreement with the experimental data that was approximate, 
but adequate for design purposes. The results indicated a 
reaction rate that was second order in bitumen content, with 
an activation energy of about 17 to 20 kcal/gmol. 
Data for the boiling point distribution of the products 
was consistent with a change of mechanism from vaporization to 
pyrolysis as the samples are heated. Higher heating rates 
gave a lower boiling product, with less contained sulfur, 
arsenic, and nitrogen. A chromatographic study of the types 
of compounds in the product indicated that pyrolysis begins at 
about 350°C. Approximately 20% of the bitumen was found to 
form coke during pyrolysis. The size of the tar sand 
particles was found to have a small effect on the rate of 
weight loss for the particle sizes studied. 
Calculations of reactor volumes and process flow rates 
for a proposed bitumen pyrolysis/coke combustion process 
indicate the feasibility of using the coke combustion heat as 
the sole energy source. Study of the transient temperature 
behavior of a reacting tar sand pellet indicated that 
instantaneous heating is a satisfactory assumption for 
particles small enough to have small oxygen diffusion 
limitations on the combustion rate. 
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I. INTRODUCTION 
As time passes, the reserves of fossilized carbon are 
being depleted for use as energy. The easily accessed and 
processed sources like crude oil and natural gas are becoming 
rare, andmore attention is being focused on alternate energy 
sources. Although processing costs for these sources are 
relatively high, they will likely become competitive with the 
advanced recovery techniques required on the now-lean oil and 
gas fields. One such alternate energy source is tar sand. 
Tar sand, or oil sand, is bitumen-impregnated sandstone. 
1 
Bitumen is a mixture of many organic compounds that is soluble 
in common organic solvents. The sandstone is a packed bed of 
sand grains, and the bitumen resides in the interstices 
between the grains. Other important components of tar sand 
are a non-soluble organic which will be called coke, and 
water. The world resource of tar sand is estimated at about 
one trillion barrels in place. Most of this is located in 
eastern Venezuela and western Canada, but large amounts also 
exist in the United States. The Athabasca deposit of Alberta 
is very large, at 800 billion barrels. Both Both the great 
size of this deposit and easy accessibility of the surrounding 
terrain make this a valuable energy source. The United States 
resource is much smaller, with a total of about 30 billion 
barrels existing in the states of Utah, Texas, and Kentucky. 
About 95% of this occurs in Utah in deposits of 1-10 billion 
barrel size. Two large deposits, denoted as Circle Cliffs and 
Tar Sand Triangle (TST), occur in the south-central part of 
the state. These sands are thought to be of marine origin and 
have slightly different properties from other Utah tar sands. 
The TST deposit is the largest in Utah, with 15 billion 
barrels in place. place. Though this size makes it 
economically desireable, its nearness to Bryce Canyon 
National Park will likely preclude any development. The 
remaining Utah tar sands are referred to as the Uinta Basin 
deposits from their location in that area of east central 
Utah. These deposits, which include those named Asphalt 
Ridge, Sunnyside, PR Spring, and Hill Creek, are the most 
likely candidates for development because their sizes are all 
sufficient to warrant building a processing facility (one 
billion barrels), and accessibility is good. 
2 
The most commercially successful use of tar sand has been 
in Canada. Two plants producing 50 thousand and 100 thousand 
barrels per day of synthetic crude oil have been in operation 
since 1970. In the United States, some tar sand has been mined 
for use in road paving asphalt, and a few small oil-producing 
plants have been in intermittent operation since the late 
1960's, but no large-scale recovery of bitumen has existed. 
Work has been continuing since about 1950 to develop recovery 
methods amenable to Utah tar sand bitumen. The purpose of 
this work was to obtain data useful for the design of one such 
recovery method. 
I I. REVIEW OF LITERATURE 
The development of successful production methods for tar 
sands depends on accurate knowledge of the physical 
properties of the sands. The complexity of the problem 
requires that many properties be used to characterize the tar 
sand. Some of these quantities are bitumen, water, mineral, 
and coke contents, and porosity, specific heat, thermal 
conductivity, heat of reaction, heat of vaporization, oil 
viscosity, and geome~ry of the matrix. Some references which 
provide these values are now listed. 
Although thermal gravimetry has been used for bitumen 
determination, the most common method is by extraction with 
organic solvent. Ball et al. (1981) provide the details for 
this method, as well as for water determination. The specific 
heats of various tar sands were obtained by Rajeshwar et al. 
( 1982). The specific heat was found to increase with 
increasing bitumen content and increasing temperature, and 
correlations of 
provided. Karim 
specific heat with these quanti ties are 
and Hanafi (1981) found the thermal 
conductivity to increase with both increasing temperature as 
well as increasing bitumen content. It is thought the 
temperature behavior is due to the increased mobility of the 
bitumen with elevated temperatures allowing a greater 
contribution by convective heat transfer. 




viscosity of the native bitumen in Utah tar sands is avai !able 
in the work of Oblad et al. (1976). Contained minerals for 
Athabasca sand are listed by Chandra Sekhar and Ternan (1979). 
Phillips et al. ( 1982) provide detailed values for the 
enthalpy of pyrolysis of Athabasca tar sands at the high 
pressures seen in an underground retort. A description of the 
microscopic structure of Athabasca tar sands is given by 
Takamura (1982). Also listed are the porosities of sands with 
·varying amounts of contained bitumen. 
4 
Some of the possible recovery methods for Utah tar sand 
bitumen are hot water flotation, solvent extraction, 
cryogenic separation, in situ thermal methods, and ex situ 
thermal methods. Hot water flotation, though the basis for 
the two commercial ventures with Athabasca sand, is 
considered to be impractical for the Utah sands. First, the 
large amounts of water needed to operate the process are 
unavailable in Utah, and also the Utah sands naturally have a 
lower amount of native water than the Canadian sands (0.1% as 
opposed to 2%). This contained water exists as a layer 
between the sand grains and the bitumen, and appears to 
prevent the bitumen from sticking to the grains (Takamura, 
1982). The hot water process involves agitating a mixture of 
tar sand and water, with some caustic added. The bitumen 
leaves the sand and gathers as a froth on the surface of the 
solution, and is skimmed off and processed. 
Solvent extraction is the leaching of the bitumen from 
the sand with an organic solvent, followed by a solvent 
recovery . step. Kenchington et al. (1976) have successfully 
recovered bitumen on a bench-scale by this method, but the 
solvent recovery step is thought to make the process 
uneconomical. 
Cryogenic recovery of bitumen makes use of the fact that 
crushing a frozen tar sand causes small pieces of pure bitumen 
to be formed. The density difference between these particles 
and the single sand grains of similar size, which are also 
formed, allows collection of the pure bitumen. Welmers et al. 
(1976) have successfully tested a bench-scale unit operating 
on this principle. It is not known if the process would be 
economically feasible on a commercial scale. However, just 
the process of crushing a tar sand in contact with cold water 
causes an enrichment of bitumen in the smaller size fractions 
(McKay and Phillips, 1981). This might be an important pre-
treatment for the feed to another process. 
5 
The most promising recovery methods for Utah tar sands 
are the thermal methods. The in situ methods refer to leaving 
the tar sand in its natural formation, and removing the 
bitumen without physically moving any sand. At one end of a 
section of tar sand, which may be several hundred feet 
underground, holes are drilled for the admission of 
pressurized air. At the other end of the section, more holes · 
are drilled for the removal of product. The formation is 
ignited at the air holes, and the air flow is started. The 
introduced oxygen allows combustion of a portion of the 
bitumen, thus generating enough heat to raise the temperature 
of the flame front. The increased temperature lowers the 
viscosity of the nearby bitumen by both cracking and heating, 
and the air pressure forces the product through the formation 
and out of the production holes. However, as the product must 
pass through unheated sand, condensation of the oil causes 
plugging. The difficulty is partially solved by reverse 
combustion, where the formation is ignited at the production 
holes, and the product and flame front move in opposite 
directions. The product then moves through sandstone which 
has been heated and which has been depleted in bitumen, giving 
a higher porosity. Cupps et al. (1976) describe work on this 
method. 
6 
Though the ex situ methods require transporting about 
nine pounds of sand for every pound of bitumen produced, they 
remain competitive with the in situ methods because of the 
high conversion possible with the former, and the great 
technical problems of the latter. Though a variety of reactor 
configurations are possible, a common feature of these 
methods is the proposed combustion of coke to follow the 
pyrolysis step and to generate sufficient enegy to operate the 
process. Venkatesan et al. ( 1982) describe experiments with a 
fluidized bed pyrolysis reactor, but the combustion step is 
not performed. Donnelly et al. (1981) used an ebulliating bed 
to combine the modes of pyrolysis and combustion into one 
unit. Air flow keeps a column of sand mildly fluidized so that 
there is radial mixing, and a steady downward sand flow. 
Combustion occurs at the bottom of the column, consuming the 
oxygen so that the hot air -can pass to the top of the column, 
heat the feed and allow mainly pyrolysis. Another approach is 
to use an inclined rotary kiln (Thomas, 1979). The sand moves 
down the kiln, and hot combustion gases from a downstream step 
are forced along the outside of the kiln to provide heating, 
and are then allowed to pass cocurrently with the sand to 
carry out the product vapor. The kiln may also be horizontal, 
with a rotating screw propulsion system (Thomas, 1982). 
7 
If a thermal method is to be used, some knowledge of 
pyrolysis rates must be available to either design a reactor, 
or to specify the parameters for an in situ retort. Much work 
in this area has been done, but most of it deals with bitumen 
which has already been separated from the sand matrix (Ritchie 
et al., 1978; Ritchie et al., 1979; Jha et al., 1978; Jha et 
al., 1979; Ignasiak et al., 1979; Bunger et al., 1978). Of the 
work that deals with bitumen that has not undergone a prior 
separation step ( Jha et al. , 1978; Jha et al, 1979; Barbour et 
al., 1976), only the last reference deals with Utah tar sands. 
The pyrolysis behavior of bitumen in its natural state may 
differ from that of separated bitumen due to the possible 
inclusion of mass and heat transfer effects, and mineral 
catalysis. Heat and mass transfer limitations have not been 
studied, but the geometry of the tar sand and the large mass of 
mineral matter that must both be heated and transfer heat 
makes it likely that these effects might predominate in the 
pyrolysis process. Mineral catalysis has been shown to .be an 
important factor in pyrolysis. Jha et al. (1978) measured 
activation energies of 30-40 kcaljgmol for separated bitumen 
pyrolysis, and 10-20 kcaljgmol for the bitumen in tar sand. 
Also, the addition of clean sand to separated bitumen 
increased the rate of product evolution. Thus, it is 
important to study the pyrolysis of bitumen which has not been 
separated from the sand. 
Besides the choice of sample type to be used in pyrolysis 
experiments, the types of experiments may also vary. A 
distinction might be drawn between high and low temperature 
experiments. In the low temperature experiments, say below 
200°C, the pyrolysis rate is very low, and the small weight 
loss of the bitumen is not measured. Instead, the rates of 
generation of the various components of the product are 
followed by gas chromatography (Jha et al., 1978; Jha et al., 
1979; Strausz et al., 1978). High temperature experiments are 
0 run at up to 600 C, and they may further be characterized by 
the heating rate used. Very low heating rates (1-20°C/minute) 
are achieved in a thermal gravimeter (Chandra Sekhar and 
Ternan, 1979; Rosenvold et al., 1982; Ritchie et al, 1979; 
Phillips et al., 1982; Ritchie et al., 1978; Rajeshwar et al., 
1983). Because both the weight loss and the rate of weight 
loss are measured, a differential method is usually used to 
8 
find the kinetic parameters. However, the rate should be based 
on the reactive portion of the sample and some method must be 
used to find the amount of unreactive coke in the samples. 
Faster heating rates (100-500°C/minute) are obtained by 
placing a sample into a preheated furnace (Barbour et al., 
1976; Bunger et al, 1978; Ignasiak et al., 1978). The samples 
are extracted to find the bitumen weight loss for discrete 
9 
residence times. An integral method of analysis is then used 
over the isothermal part of the data. For extremely high 
heating rates, _small tar sand samples may be electrically 
0 heated at up to 1000 C/second as described by Stangeby and 
Sears ( 19 7 8) . 
Because bitumen is a multicomponent material, different 
heating rates may give different conclusions about the 
kinetics. At the the start of a pyrolysis run, the easily 
reacted compounds are decomposed. By the end of the run, the 
most stable compounds might comprise the majority of the 
remaining bitumen. Thus, distinctly different reactants are 
being studied at different times. This effect has been shown 
by Chandra Sekhar and Ternan (1979), who heated a cracking 
pitch slowly and found reaction order and activation energy to 
vary with conversion. On a run with slow heating, the 
kinetics of the pyrolysis of the most unstable compounds are 
determined at only the low temperatures, and the kinetics of 
the slowest reactions are obtained at only high temperatures. 
A run with a high heating rate could give the average kinetics 
of the original bitumen mixture at nearly any temperature. 
With present understanding of bitumen pyrolysis, the best 
solution might be to use experiments that match the heating 
history of the recovery method to be used. A · long 
thermogravimetry experiment might be most useful for a slow-
heating in situ retort, and a run with instantaneous heating 
· may apply best to an above-ground reactor. 
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Finally, knowledge of the types of products formed is 
necessary to utilize the tar sand resource. A high 
temperature may give a desireably fast reaction rate, but the 
product might be entirely light gases. A low temperature 
might provide the useful medium boiling liquids, but the rate 
may be too low. Heating rate has been found to be a factor in 
the formation of a certain type of product. Stangeby and 
Sears ( 1978) have shown that higher heating rates give lighter 
products. A more useful quantity than the lightness of the 
product might be the amount of valuable product (synthetic 
crude oi 1) produced per weight of bitumen fed to the reactor. 
Venkatesan et al. (1982) found this quantity to increase with 
decreasing residence time and temperature in a bench-scale 
fluidized-bed reactor. Comparisons have also been made 
between the products obtained at different pyrolysis 
temperatures (Ritchie et al., 1978; Barbour et al., 1976). It 
was found that while total yield increased with increasing 
temperature, the liquid yield was a maximum at some 
intermediate temperature. 
I I I. EXPERIMENTAL PROCEDURE AND EQUIPMENT 
A. TAR SAND TRIANGLE SAND 
11 
Tar sand samples were prepared by freezing in liquid 
nitrogen so both rich and lean regions would be brittle, and 
then crushing. The crushed sand was then separated into size 
fractions with sieve screens. Tar Sand Triangle (TST) sand 
was relatively dry, and samples were prepared with sizes 
between 3 and 4 mesh (3/4, U.S. sieve screen number), 30/35 
mesh, 100/140 mesh, and less than 14 mesh. The material 
passing 14 mesh was used in the kinetics and product quality 
experiments as in Barbour et al. (1976). The particle size 
distribution of this sand is given in Figure 1. 
A sample of TST sand between 5 and 10 grams was placed in 
a weighed boat made of a piece of stainless steel bent into a 
half-cylinder shape. This sample size was selected so as to 
generate a weighable amount of product to be condensed and 
also to provide a weight loss that could be detected in a later 
extraction step. The boat was large enough to prevent 
spillage of the sample, and its thin metal construction gave 
little heat capacity beyond that of the sample and little 
thermal resistance between the furnace and sample. A 
thermocouple in a shield tube was clipped to the boat so that 
the thermocouple was touching the outside of the boat at its 
center. The dynamics of the thermocouple were much faster 
than those of the filled boat and thermocouple. 
Using the thermocouple tube as a push rod, the boat was 
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Figure 1. Particle size distribution of Tar Sand Triangle 
sample used. 
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that it was centered in the hot zone of the furnace (Figure 2) . 
The hot zone over the length of the boat was isothermal within 
about 10°C. Previous to this, nitrogen had been flowing 
through the pyrolysis tube, and after inserting the boat, the 
nitrogen flow was resumed by replacing the stopper on the end 
of the pyrolysis tube. The thermocouple wire passed through 
the rubber stopper in a small slit. The furnace temperature 
had been set 55°C above the desired run temperature in order 
to heat the sample more quickly. Because the temperature 
inside the pyrolysis tube was typically 60°C greater than that 
of the furnace due to cooling by natural convection through 
the openings in the furnace, this gave an extra 115°C of 
temperature difference to decrease the heat-up time. The boat 
temperature was monitored during this heat-up, and when it 
reached a temperature about 10°C below the des.ired run 
temperature, the furnace was cooled by activating a cool air 
flow through the furnace. This process required some 
judgement, and the success of it varied slightly with 
technique, but generally the boat reached a stable 
temperature within 1.5 minutes, with about 2 to 5°C of 
overshoot. The temperature of the boat was maintained within 
1°C of the target for the remainder of the run. The nitrogen 
flow was kept at a constant amount for the entire run. This 
flow rate was measured by water displacement for the first 20 
experiments, and with a small rotameter for the remainder of 
the work. The rotameter was placed downstream from the 
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15 
flow through the condensers. During the peak product flow, 
the nitrogen flow was reduced to maintain a constant total gas 
flow through the condensers. The flowing nitrogen carried the 
product gases out of the pyrolysis tube and into two 
previously weighed U-tube condensers immersed in a boiling 
water ba.th and an ice-water bath. 
The nitrogen flows used were 20 mL/minute, 5 mL/minute, 
and SO mL/minute. These different values were used in 
attempts to keep the flow low enough that product was not 
swept past the condensers, and high enough that the flow could 
be measured and duplicated and would keep the lines up to the 
first condenser hot enough to preclude premature 
condensation. The flow rate was mixed for reaction 
0 0 temperatures of 343 C and 468 C, but the data do not show any 
systematic variation with the flow rate. At the end of the 
run, the stopper was removed, the boat was withdrawn to the 
cool end of the tube, the thermocouple was removed, and the 
stopper was replaced. The boat was allowed to cool under the 
nitrogen flow for 5 minutes. The boat and condensers were 
then reweighed. About three grams of the pyrolyzed sand was 
then placed in a weighed paper extraction thimble and 
reweighed. This was extracted with a boiling 3:1 mixture of 
benzene and ethanol for 24 hours in a Soxhlet extractor, then 
dried at 100°C for 2 hours, and reweighed. The weight loss in 
the extractor was the amount of bitumen remaining on the sand. 
One gram of sand from the thimble was placed in a weighed 
ceramic crucible and fired at 800°C for 2 hours and reweighed. 
The weight loss in the muffle furnace was the amount of coke 
remaining on the sand. 
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Sulfur determinations of the sand were made on a 
commercial coal sulfur analyzer made by Leco. The method used 
was combustion of the bitumen to carbon dioxide, sulfur 
dioxide, and water. These gases were passed through a solution 
of hydrogen peroxide in water, where the sulfur dioxide was 
oxidized to sulfur trioxide and dissolved in the solution to 
give sulfuric acid. The acid was titrated with sodium 
hydroxide. 
B. ASPHALT RIDGE SAND 
For the work with Asphalt Ridge (AR) sand, samples were 
made of particles of 3/4 mesh size. Because AR sand is oil-wet 
and hard to handle in the small particle sizes, 3/4 was the 
only size prepared. The boat, pyrolysis tube, and furnace 
were identical to the ones used for the TST sand. However, it 
was desired to measure the temperature of the sand more 
accurately than was done for the TST sand, so the thermocouple 
was changed so as to project into the sand about 1/4 inch when 
the shield tube was clamped to the top of the boat. A chart 
recorder was used to plot the temperature history of the 
sample. The sample size was about 10 grams. Whereas it was 
desired to have isothermal runs with the TST sand, the 
objective with the AR sand was to use a non-isothermal run and 
make use of the recorded temperature histories to do the 
kinetic analysis. Thus, there was no desired run temperature. 
The furnace was set at a variety of predetermined temperatures 
to achieve a sampling of heat-up rates. 
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Two product condensers were again used. They were placed 
in an ice-water bath and a liquid nitrogen bath, so as to 
condense as much product as possible. Because the amount of 
material collected in the last condenser caused plugging of 
the U-tubes, larger cylindrical commercial condensers were 
used. The nitrogen flow was 50 mL/minute to help maintain a 
high temperature in the lines up to the first trap, the liquid 
nitrogen condenser being considered sufficient to control 
product loss with the high flow for the following reasons. 
During the time of peak weight loss in a run, the gas from the 
furnace had a distinct yellow color, due to contained product. 
This color persisted through the first condenser, but the gas 
appeared clear at the exit of the liquid nitrogen condenser. 
Also, the condensate was to be equilibrated at 38°C (100°F), 
to satisfy the definition for yield that was being used. It 
was found that the condensates from both condensers lost 
weight during this equilibration. Thus it was thought that 
the higher nitrogen flow rate did not permit needed product to 
pass through the condensers. 
The extraction, drying, and firing steps were performed 
on the sand again to find the weight loss of bitumen, and the 
weight gain of coke. However, these steps were investigated 
in hopes of shortening the required times, and the durations 
were set that provided 99% completion. Extraction was 
performed for 12 hours, and drying and firing were done for 
one hour each. The extraction solvent was changed to toluene, 
as it was commonly used for this purpose. The paper 
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extraction thimbles were replaced by ones made of glass, with 
fritted glass filter pads to minimize the absorption of 
atmospheric water. A disposable fiber pad was used for each 
run to forestall plugging of the fri tted glass by sand fines. 
When the condensate was to be analyzed, it was removed from 
the condensers by dissolving it in small amounts of pentane 
and acetone. Also, all tubing dQwnstream from the ceramic 
pyrolysis tube was rinsed with solvent to obtain any material 
collected there. . Duplicate runs were done to generate 
sufficient material for analysis. The combined oil samples 
were sent to Saybolt Laboratories in Pasadena, Texas, for 
sulfur, arsenic, and nitrogen analyses. As the samples had 
been q\lanti tati vely analyzed by gas chromatography for 
pentane and acetone, the values supplied by Saybolt were 
corrected to a solvent-free basis. 
C. BOILING POINT DISTRIBUTION 
A pseudo boiling point distribution was obtained on a gas 
chromatograph by an internal standard method. The oi 1 sample, 
with its contained pentane and acetone, was doped with toluene 
(boiling point = 111 °C), styrene ( 145°C), benzaldehyde 
( 178°C), dodecane ( 214 °C), eugenol ( 253 °C), and benzyl 
benzoate (323°C). The residence times of each of these 
compounds had been identified by running them through the 
chromatograph separately. After the oil sample was analyzed, 
the peaks due to the known compounds were identified by their 
residence times, which were almost exactly the same as for the 
separate compounds. The peak areas between the known 
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compounds were measured and used as an indication of the 
portion of the oil boiling between the boiling points of the 
two known compounds. 
The chromatograph was operated in a temperature 
programmed mode so that the column temperature increased 
linearly with time from 60°C to 250°C. This upper temperature 
was the stability limit for the chromatograph packing. The 
time required for the chromatograph run is not clear. At the 
end of the run, material is still being eluted from the column 
due to the increase in temperature. When the upper 
temperature is reached, and the heating stops, the signal from 
the detector drops quickly. A large amount of sample may 
still reside in the column, and may require higher 
temperatures to be removed. Lower temperatures may suffice, 
but the time needed would be prohibitively long. In this 
case, the end of the run was taken in the region where the 
column output was decreasing after the maximum column 
temperature had been reached. The chromatograph run time was 
the same for each of the samples. The chromatograph was made 
by Bendix and utilized a flame ionization detector. The 
packing was SP-2100 on 80/100 Supelcoport. 
D. PARTICLE SIZE EFFECTS 
Some weight loss runs were performed to see the effect of 
tar sand particle size on the pyrolysis rate. For these runs, 
the measured quantity _was the weight loss of the sample, which 
differs from the weight loss of bitumen because of the 
formation of coke on the sand. The lengthy extraction time to 
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obtain the actual bitumen loss would have prevented obtaining 
much data, and it was thought that a particle size comparison 
could be made with weight loss alone. No product was 
collected in these runs, so smaller one gram samples were 
used. Thus, the entire sample would have a more uniform 
temperature than in past work, and fast heating rates would be 
obtained. The boat mass was minimized by using small pieces 
of aluminum foil bent into a container just large enough to 
hold the samples when they were spread in a thin layer. Thus, 
the sample and boat masses were small, and a large part of the 
sample had good contact with the pyrolysis tube. A 
theromcouple was not placed in the samples, but the 
temperature in the pyrolysis tube at the point where the 
samples were placed was measured and maintained constant 
within 3 °C for all runs. The boats were pulled into and out of 
the furnace with thin wires hooked onto each end of the boat 
and passing out of the pyrolysis tube at each end. The 
upstream wire passed through the stopper in a small slit which 
was then plugged. The stopper never had to be removed to move 
the boat and the admission of air was minimized. At the end of 
a run, the boat was again left to cool in the tube for 5 
minutes under the nitrogen flux. The boats were then 
reweighed. The nitrogen flows used were fairly high, so that 
gas film resistance could be minimized. The nitrogen flows 
used were 100 and 500 mL/minute. The samples were from the 
3/4, 30/35, and 100/140 mesh fractions of TST sand. 
IV. RESULTS AND DISCUSSION 
A. PRODUCT QUALITY 
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1. Tar Sand Triangle Sand In the work with TST sand, 
product quality was measured by its boiling point 
distribution as inferred from the proportion of product 
condensable at 100°C and 0°C. For each run, the weight gains 
of the 100°C and 0°C condensers were found. The amount of 
material passing both condensers was obtained by subtracting 
these two weight gains from the total weight loss of the tar 
sand sample. The weights were converted to mass fractions by 
dividing by the total weight loss of the sample and are 
plotted against run time for each of the three furnace 
temperatures used in Figures 3-5. The fraction of product 
passing the first two condensers is designated with the 
temperature -196°C because of an unsuccessful attempt to 
determine it with a condenser in liquid nitrogen. At each of 
the temperatures, the product distribution is light at the 
beginning of a run, as reflected by a large proportion of 
product present in the "-196°C" fraction, and as time passes, 
the distribution becomes heavier. After about 5-10 minutes, 
the accumulated product becomes lighter again. This behavior 
may be explained by a combination of the mechanisms of 
vaporization and pyrolysis. 
When the boat is first placed in the furnace, the smaller 
volatile molecules are immediately vaporized, and the initial 
distrbution is light. As time passes, the temperature of the 
sample increases and the larger molecules vaporize, so the 
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Figure 3. Mass fraction of product from Tar Sand Triangle tar 
sand boiling in indicated temperature range versus pyrolysis 
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Figure 4. Mass fraction of product from Tar Sand Triangle tar 
sand boiling in indicated temperature range versus pyrolysis 




























Figure 5. Mass fraction of product from Tar Sand Triangle tar 
sand boiling in indicated temperature range versus pyrolysis 
time at 593°C (Nitrogen flow= 50 mL/minute). 
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product distribution gets heavier. The vaporization then 
slows as most distillable compounds have left the sand, and 
the temperature continues to rise to a point at which 
pyrolysis may occur. Pyrolysis products are typically in the 
c 1 to c10 range, which are light compared to the large 
molecules just vaporized. Thus the distribution becomes 
lighter again. However, after about 15 minutes in the 
furnace, the conversion has reached about 90 percent. The 
rate of product evolution has dropped off and little material 
is still entering the condensers. But the data show an 
increasingly light distribution, and this may be due to 
another effect. 
Nitrogen gas is still passing through the condensers, 
and for a run longer than 15 minutes, the gas is essentially 
clean. A component that boils at 150°C and is condensed at 
100°C in the first trap has some vapor pressure at 100°C, and 
so may be carried along by the nitrogen to the next condenser. 
The 100°C condenser has only output at this stage, and it 
shows a decreasing mass fraction. The 0°C trap has both input 
and output, and may experience an increase or decrease 
depending on the relative magnitudes of the two effects, but 
the result is seen to be a decrease in mass fraction. The 
last, imaginary condenser must show an increase in mass 
fraction since the other two had decreased and the sample 
weight is not changing much. In Figures 3 and 4, with data at 
two different flow rates, sweep is the explanation for the 
final condenser having higher mass fractions at the higher 
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nitrogen flow rate than at the low one, and vice versa for the 
100°C and 0°C fractions. 
The product quality was also measured by its sulfur 
content, which was implied from sulfur determinations of the 
tar sand and pyrolyzed tar sand. The sulfur content in both 
the original TST sand and in the pyrolyzed material was 
measured for several runs. The sulfur in the unpyrolyzed sand 
ranged from 0.22 to 0.98 weight percent, with the average 
being 0.60 percent. On a basis of pure bitumen, this 
corresponds to 1.7 to 7.5 weight percent, with an average of 
4.6 percent. This compares well with the 2-6 percent range 
reported by Bunger et al. ( 1976) . 
In order to examine the effect of pyrolysis time and 
temperature on the sulfur, the data were converted to percent 
of original sulfur remaining on the sand after pyrolysis. 
These data are listed in Table I and are plotted against 
pyrolysis time at 593°C in Figure 6. 
No clear trend was observed, which may be due to an 
uneven distribution of sulfur in the samples. Some of the low 
temperature data in Table I is greater than 100 percent, which 
should not be possible. This is likely due to the use of a 
somewhat low value for the amount of sulfur in the original 
tar sand. The difference in sulfur values between the high 
and low temperature data is thought to be significant. The 
data may indicate that virtually all of the sulfur stays on 
the sand at 343°C and 468°C, but only about 40 percent of the 
sulfur remains at 593°C. 
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Table I. Percent of Original Sulfur Remaining on Pyrolyzed 
Tar Sand Triangle Tar Sand for Different Pyrolysis 
Temperatures and Times. 
Temperature Run Time Percent Sulfur Remaining 
minutes 
343 6 108.8 
343 12 228.5 
468 4 205.7 
468 9 167.2 
593 3 40.7 
593 4 61.2 
593 5 25.0 
593 7 27.0 
593 15 44.1 
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Figure 6. Percent of original sulfur remaining on pyrolyzed 
Tar Sand Triangle tar sand versus pyrolysis time at 593°C. 
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2. Asphalt Ridge Sand In the work with AR sand, product 
quality was investigated with respect to its approximate 
boiling point distribution, and sulfur, arsenic, and nitrogen 
contents. In addition, an oil. yield was measured for many 
runs. Yield is based on the fraction of product that boils 
above 38°C (100°F). Since this is a fraction of the total 
product, some indication of quality may be found by noting the 
manner in which the proportion of total product in this upper 
boiling range varies with pyrolysis time. The yield was 
measured for the first 26 runs and is defined as the ratio of 
the weight of condensate boiling above 38°C to the weight of 
bitumen in the original sample. 
The percent yields at a particular furnace temperature 
are plotted against pyrolysis time in Figure 7. The longer 
the sample remains in the furnace, ~he higher is the 
conversion of the bitumen. Material in the high boiling 
region is always being produced, so the yield should continue 
to increase with time, which it does. The data are scattered 
and it is difficult to say the trend is anything besides 
linearly upward. The weight losses of the samples were also 
measured. The weight loss is the total weight lost by the 
sample in the furnace, and it is also the maximum possible 
amount of condensable product. If the yield is divided by the 
weight loss, the proportion of total product in the +38°C 
region results. These values are plotted against pyrolysis 





















Figure 7. Percent of original bitumen in Asphalt Ridge tar 





























Figure 8. Proportion of total vaporized product from Asphalt 
Ridge tar sand boiling above 38°C versus pyrolysis time at 
S38°C. 
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heavier products make up an increasingly larger proportion of 
the total with time. Considering the TST data, the 
distribution started becoming light after about 5-10 minutes 
in the furnace. Therefore, in the time interval up to 5 
minutes, both types of sand showed an increasingly heavier 
product distribution. 
It was desired to compare the effect of heating rate on 
the boiling point distribution of the products. Insufficient 
product was available to find the boiling point distribution 
by distillation, and so an internal standard technique was 
used. The best basis for comparison of heating rates is equal 
conversion. It would be desired to get the proper type of 
product without having to deviate from some conversion. 
Prediction of bitumen pyrolysis was not at a point where 
samples of equal conversion could be generated. Instead, a 
basis of equal final temperatures was used. This had the 
advantage that the vaporization portion of the process had the 
same contribution in each sample. It was thought that 
vaporization was relatively fast and was determined mainly by 
the temperature of the sample. If a certain portion of the 
bitumen is volatile below say 400°C, then that part could be 
0 assumed to have left the sample when a temperature of 400 C 
was reached. In fact, if most of the bitumen loss is found to 
occur by vaporization, it may be better to describe it in this 
way than by a rate method. 
Two samples generated at average heating rates of 726 
°C/minute and 280°C/minute, up to final temperatures of 480°C 
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were analysed. The pseudo boiling point distributions were 
obtained as described in the procedure and are shown in Figure 
9. It can be seen that the product generated with the higher 
heating rate always has a smaller mass fraction boiling above 
any given temperature than the lower heating rate sample. 
Thus, the higher rate gives a lighter product. 
The above-mentioned sample generated at the high heating 
rate, and another sample generated the same way but at an 
intermediate heating rate were analyzed for sulfur, arsenic, 
and nitrogen by Saybol t Laboratories. The results are shown 
in Table I I. 
The higher heating rate can be seen to incorporate less 
of the unwanted elements in the product. The bitumen 
conversions were not measured for these samples, but the 
slower rate should have given a higher conversion than the 
high rate. The extra bitumen converted may have contained a 
large amount of sulfur, arsenic, and nitrogen. 
B. COKE 
During pyrolysis, some of the bitumen condenses to coke, 
a non-volatile and non-extractable coating of high molecular 
weight polymers of carbon on the sand. It is proposed that 
this coke be used by combusting it to provide the energy to 
raise the tar sand feed to pyrolysis temperatures (Oblad et 
al., 1976). Thus, it is important to know what pyrolysis 
conditions allow enough coke to be formed to meet this 
requirement. In this work, the amount of coke before and 
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Figure 9. Approximate boiling point distributions from 
chromatogram for product from Asphalt Ridge tar sand. 
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Table I I. The Results of Chemical Analyses of Two Oi 1 Samples 
Generated from Asphalt Ridge Tar Sand with Different Heating 


















available, and to find out how operating conditions affect the 
production of coke. 
1. Tar Sand Triangle Sand The coke content of the sand 
before and after pyrolysis was measured and converted to 
values of percent increase in coke. These values for TST sand 
are plotted against pyrolysis time for the highest reaction 
temperature used in Figure 10. No trend with time was 
observed in this data, as was also the case with data taken at 
the remaining temperatures. The variations in the values are 
greater than can be attributed to natural variation in the 
deposit, or carry-over of bitumen from the extraction step. 
It is possible that some extra weight loss from carbonate 
decomposition is responsible for the scatter in the coke data, 
as the combustion temperature used, 800°C, is sufficient to 
cause this effect. However, if data that was obtained for the 
carbonate content of bitumen ash (Rajeshwar et al., 1982) is 
used as indicative of the entire tar sand, the weight loss due 
to carbonate decomposition can be shown to be small compared 
to the amount of coke on the sand. 
The coke data from each of the temperatures studied was 
averaged to get an indication of the coke increase at the 
respective temperatures. The average increase at 343°C was 
found to be 108 percent, at 468°C it was 116 percent, and at 
593°C it was 139 percent. These quantities may be affected by 
the average conversions at each temperature. The average 



































Figure 10. Percent increase in coke on Tar Sand Triangle tar 
sand during pyrolysis at 593°C versus time. 
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around 90%. However, the average conversion at 593 ° C was also 
about 90%, and the coke increase was greater at 593°C than at 
468°C. It appears that higher temperatures allow more coke to 
be formed for equal bitumen conversions. 
In Figure 11 is plotted percent increase in coke versus 
conversion for all of the TST data. Higher bitumen 
conversions provide more coke, and putting a line through the 
points gives a rough idea of the stoichiometry of the bitumen 
decomposition. The given line corresponds to one gram of 
bitumen decomposing to 0.17 grams of coke and 0.83 grams of 
volatile product. 
2. Asphalt ·Ridge Sand The comparison of coke formation 
between runs with AR sand is made using the thermal intensity 
of each run. Thermal intensity is the time integral of the 
rate constant along the temperature history for that run. The 
temperature dependence of the rate constant for coke 
formation was approximated by the Arrhenius expression and 
the best activation energy for the bitumen pyrolysis. For an 
isothermal run, this corresponds to plotting coke formation 
against pyrolysis time. The results are shown in Figure 12. 
No trend was seen in this data. If the AR sand behaves as TST 
sand, coke formation should increase with conversion, and 
conversion should increase with the thermal intensity of the 
run. Thus, some increasing behavior was expected in this 








































Figure 11. Percent increase in coke during pyrolysis versus 
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Figure 12. Percent increase in coke during pyrolysis versus 
thermal intensity for Asphalt Ridge tar sand. 
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some scatter, and the coke increase-conversion plot shows 
more than simple increasing behavior. The combination of the 
two gives no trend. 
The percent increase in coke was plotted against 
conversion for all of the AR data in Figure 13. The lines in 
the plot were placed by sight. The data for each furnace 
temperature appear to be approximately linear, and the slopes 
for each of the temperatures appear nearly equal. Also, the 
lines have an abscissa which varies inversely with the furnace 
temperature. It is possible that some threshhold temperature 
exists at which coke production begins. For a high furnace 
temperature, and consequently a high heating rate, this 
threshold temperature is reached in a shorter time, and at a 
lower bitumen conversion than at a lower furnace temperature. 
The stoichiometry of the coke formation appears the same at 
all the temperatures, but higher heating rates begin 
producing coke sooner. The average slope of the lines in 
Figure 13 is approximately 5.4, which corresponds to one gram 
of bitumen forming 0.22 grams of coke and 0.78 grams of 
vaporized product. 
C. KINETICS 
When a sample of tar sand is heated in the absence of 
oxygen, the loss of bitumen is thought to occur by several 
mechanisms. At relatively low temperatures, bitumen may 
leave the sand matrix through vaporization of its volatile 
components. At higher temperatures, heavier components may 
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Figure 13. Percent increase in coke during pyrolysis of 
Asphalt Ridge tar sand versus bitumen conversion. 
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then vaporizing. Some temperature may be reached at which no 
vaporization may occur without a prior cracking step. 
Bitumen, as either a solid, liquid, or vapor, may condense to 
coke while in the sand matrix. The products of this thermal 
removal of bitumen are a mixture of hydrocarbon gases, 
hydrogen, coke, and a small amount of inorganic gases. Thus, 
the process of bitumen loss is complex, and the exact 
descriptio~ of it is difficult. To model the myriad of 
reactions mechanistically would be nearly an impossible task. 
Instead, all of the reactions using bitumen were lumped into 
the following: 
Bitumen---> oil+ gas+ coke ( 1 ) 
where the stoichiometry depends on the definition for oil 
(condensation temperature) and it may also vary with reaction 
temperature and conversion. The objectives of this work were 
to study the kinetics and product composition for bitumen 
pyrolysis and to measure the variation of the extent of the 
thermal decomposition of bitumen with time and correlate it 
with a power rate law. This work was considered exploratory, 
and the objectives were intended to be flexible. 
1. Tar Sand Triangle Sand The first samples studied 
were from the TST location. The sample sizes used were about 
10 grams because it was desired to study the oil product and a 
sufficient amount had to be generated. However, the change in 
weight of bitumen was also measured to obtain rate data for 
bitumen decompositon. A very short heat-up time (2 minutes) 
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was used in an attempt to cause most of the bitumen to 
decompose during the isothermal part of the run. This was 
attempted by varying the furnace temperature during the run. 
The furnace temperature was set above the target temperature 
at the start of the run, and then was decreased to coincide 
with the target as the boat temperature neared that value. To 
help eliminate temperature gradients in the sample, it was 
spread as thinly as possible. The boat was a thin piece of 
stainless steel bent into a half-cylinder. It had low heat 
capacity and thermal resistance compared to the standard 
ceramic boats. The nitrogen gas flow was set low due to 
requirements of the product condensers. Ani trogen flow of 20 
mL/minute was used at the first temperature used, 468°C. At 
0 the next temperature, 343 C, the flow was 5 mL/minute. These 
rates were measured by water displacement. Before starting 
work at the highest temperatur·e, a small rotameter was 
obtained to measure the nitrogen flow rate. The flow rate 
used was SO mL/minute, as this was about the lowest flow 
accurately measured by the rotameter. It was desired to fit 
the decomposition data with a power rate law: 
reaction rate= k(T) •w~ (2) 
where the concentration units are mass of bitumen per mass of 
clean sand, and the rate has units of mass of bitumen per mass 
of clean sand per time. The situation is one of batch reaction 
and the following applies: 
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reaction rate ( 3) 
Eliminating the rate between equations (2) and (3), and 
integrating with constant temperature gives: 
(4) 
with the initial condition that wb = w~ at t- t 0 • Because 
conversion is defined as follows: 
( 5) 
equation ( 4) may be rewritten as: 
( 1-xb ) ( 1 - n ) = -k ( T ) • ( t- t 0 ) • ( w ~ ) ( n- 1 ) + 1 (6) 
For a first order reaction, the result is 
( 7) 
The data were plotted in the linear forms obtained from 
equations ( 6) and ( 7), with n equal to two and three. 
The second order plots are shown in Figures 14, 15, and 
16. It can be seen that there is a large amount of scatter, 
which is understandable from the approximate nature of the 
experiments, and the inhomogeneity of the samples. However, 
it was felt that some useful information could be obtained by 
somehow identifying and removing bad points. No information 
was available to say that any one piece of data was in error. 
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Figure 14. Second order plot of conversion data for Tar Sand 
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Figure 15. Second order plot of conversion data for Tar Sand 
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Figure 16. Second order plot of conversion data for Tar Sand 
Triangle tar sand at 593° (boxed points were neglected). 
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points, the remaining two thirds appeared roughly linear. The 
points neglected are, at each temperature, the data from the 
longest runs. However, the longest runs were always performed 
first at each temperature. The process of adjusting the heat-
up of the boat required some judgement and the first few runs 
at each temperature may have differed from the remaining runs 
because a consistent procedure was being worked out at that 
time~ 
A least squares line was placed through the data for 
reaction orders of one, two, and three. The initial condition 
of zero conversion was not used in finding these lines, as the 
nonlinear heat-up portion of the curve causes the lines not to 
pass through this point. A comparison of the correlation 
coefficients showed that a reaction order of two was the best 
fit, but the advantage over first or third order is small. The 
lines in Figures 14, 15, and 16 are the least squares fits. 
The slope in each case is the product of the rate constant and 
the initial bitumen concentration. The rate constants and 
correlation coefficients for all choices of reaction order 
are given in Table I I I . 
. More complicated expressions for the bitumen loss might 
be used in analyzing this data, but the large amount of 
scatter and small range of the data would make model 
discrimination difficult. Despite the fact that points were 
selectively discarded, the fit of the power rate law is fairly 
good in that the error is distributed evenly over the range of 
the data. If the rate constants for the decomposition 
Table I I I. Best Reaction Rate Constants and Correlation 
Coefficients from Linear Least Squares Fit of Tar Sand 
Triangle Kinetics Data. 
Reaction Order Temperature k c R 
1/min. 
1 343 0.0372 0.711 0.87 
468 0.101 1.93 0.93 
593 0.177 2.52 0.72 
2 343 0.687 1.98 0.89 
468 14.2 1.22 0.93 
593 31.9 9.23 0.73 
3 343 12.8 3.48 0.90 
468 2360 -383 0.89 
593 6730 -252 0.73 
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reaction vary with temperature according to the Arrhenius 
relation, then the following should hold: 
k =A •exp[~l 
0 
RT] (8) 
Plotting ln k against 1/T should give a linear relation with a 
slope equal to-E /R. From Figure 17, the activation energy a 
for TST sand was found to be 16,600 caloriesjgmol. As a 
comparison, Strausz et al. ( 1977) give values for the 
activation energies of individual product formation reactions 
for Athabasca tar sand of from 20-40 kcaljgmol. An Athabasca 
bitumen studied by Ritchie et al. (1978) decomposed with an 
activation energy of 10 kcaljgmol. Jha et al. (1978) obtained 
activation energies of 10-20 kcaljgmol for individual product 
formation from Athabasca tar sand pyrolysis. Noble et al. 
(1981) pyrolyzed Colorado oil shale and found activation 
energies of about 20 kcaljgmol. There is a considerable 
variation in the results of different workers for the same 
sample types, and the results of this work are in the same 
range as the majority of the other results. 
Barbour et al. (1976) whose study this work is similar 
to, found activation energies of 33 kcaljgmol and first order 
kinetics for all of the Utah tar sands studied. No reason for 
the difference with this work has been found, and because of 
the uncertainty of the values obtained in this work, this 
difference may not be significant. 
2. Asphalt Ridge Sand Work was started on Asphalt 








Figure 17. Arrhenius plot for Tar Sand Triangle tar sand. 
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the deposit made this the most likely to be developed first. 
The approach used on the TST sand was considered not to be very 
successful, as the run to run variation in the hand control of 
the furnace temperature was not good, and the conversion range 
available at the end of the heat-up period was not large. It 
was decided to keep a constant furnace temperature during a 
run, and to place a thermocouple inside the sample for each 
run. The temperature history of the sample was recorded for 
every run. By taking this recorded temperature as indicative 
of the temperature of the entire sample, the rate equation was 
integrated along the temperature history to give conversion. 
The squares of the errors between the calculated and measured 
conversions were then summed over all of the runs to give an 
indication of the --error for the model. This error was 
minimized by suitable choices of reaction order, activation 
energy, and preexponenti al factor. 
The rate equation and material balance is the same as 
given for TST sand, except that the combination of the two is 
not analytically integrable, and is given by: 
[ 
o n-1 
x = 1 - (n-1)•(wb) • 
A Jtf exp(-Ea )dt + 1]1/(n-1) 
0 0 RT(t) 
(9) 
Each temperature history was characterized by nine values, 
equally spaced in time, that were read from it, and these 
points were used as base points to evaluate the integral in 
equation ( 9) by Simpson' s Rule. Runs were made at a wide 
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variety of furnace temperatures, and the furnace temperatures 
and run times are given in Table IV. 
An error function was formed with all of the data points, 
and the error was minimized on activation energy, reaction 
order, and preexponential factor. The method used was at 
first strictly a steepest descent algorithm. This method gave 
inconsistent results, and so the shape of the error function 
was investigated by a large amount of sampling. 
The geometry of the error surface, when reaction order is 
taken as a constant, is a large flat area, with a very steep 
ravine running through it from high to low values of E and A . 
a o 
The bottom of the ravine was flat, so that although a global 
optimum did exist, the error could be thought of as nearly 
constant at the bottom of the ravine. The steepest descent 
method appeared to be unsuited for this surface, with the 
concentration of large gradients on the ravine sides, and the 
flatness elsewhere. · For the method to move along the flat 
regions, the weighting factors had to be high. When the 
method encountered the ravine, these large weighting factors 
caused movement back out of the region of the ravine. Thus, an 
attenuation of weighting factors was required to negotiate 
the ravine sides. Upon encountering the bottom of the ravine, 
the method, with its then very small weighting factors, would 
move too slowly. An acceleration was needed in this region. 
Instead, the steepest descent was retained with large 
weighting factors to move only from the first guess to the 
ravine. 
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Table IV. Experimental Conditions for Asphalt Ridge Kinetics 
Data. 
Furnace Temperature Run Time No. of Runs 
minutes 
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Table IV. Experimental Conditions for Asphalt Ridge Kinetics 
Data. 
Furnace Temperature Run Time No. of Runs 
minutes 












A pattern search method (Beveridge and Schechter, 1970) 
was then used to further modify the optimum. While the 
pattern search was slow, it was very stable and consistent. 
Using these methods, the optimum values were an activation 
energy of 14,200 caljgmol, the natural logarithm of the 
preexpeonential factor was 8.8, and the reaction order was 
3. 2. The regression coefficient for the fit was 0. 67, and the 
parity plot is shown in Figure 18. The error of the model 
( tr 2 ) is evenly distributed over the entire conversion range, 
but the individual errors are rather large in some cases. To 
improve the fit, the activation energy and preexponential 
factor were allowed to be linear functions of temperature, and 
the optimization was repeated, but the results were not 
significantly different. Because the time of the run was 
taken as only the time in the hot zone of the furnace, it was 
thought that the cooling period included a small amount of 
conversion and not accounting for this may have caused some 
scatter. To check this, each run was given a small, arbitrary 
amount of time at the maximum temperature for that run, and 
the optimization was repeated. This made an insignificant 
difference in the results. The data was then examined to see 
if some type of smoothing might be done. 
For equal furnace temperatures, it was noticed that the 
temperature histories of the samples were often fairly 
dissimilar. These differences were of two types. The first 
minor type was between consecutive runs made at the same 
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Figure 18. Calculated conversion versus measured conversion 
for Asphalt Ridge tar sand and non-isothermal model. 
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more than about 50°C at any point in time. Some difference was 
expected because the thermocouple could not make the same 
contact with the sample for each run, as the samples were made 
up of 3/4 mesh particles. In this case, the temperature 
histories may be averaged and considered to be characteristic 
of that particular furnace temperature. The second type of 
dissimilarity occurred between histories taken from different 
blocks of runs. In some cases, runs at a certain furnace 
temperature were split by runs at a different furnace 
temperature. Resuming work at the original temperature 
changed the temperature histories by 100°C or more. Care was 
taken to maintain the orientation of the equipment and the 
procedure the same, but some change still occurred. It is 
thought that possibly the angle of the tube furnace may have 
been changed slightly. This would alter the convection 
pattern in the furnace, giving different temperatures in the 
pyrolysis tube for equal temperature settings of the tube 
furnace. These temperature histories might be considered the 
product of a different furnace temperature, and averaged 
separately. For simplicity, in this work all of the histories 
taken at the same furnace setting were averaged. The data 
obtained by this smoothing is listed in Table V. 
The temperature fitting function was taken from a 
description of a uniform temperature body being heated across 
a convective resistance as follows: 
(10) 
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Table V. Smoothed Data for Non-isothermal Model and Asphalt 
Ridge Tar Sand. 
Furnace Temperature Time Conversion 
min. 
538 1 0.308 
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Table V. Smoothed Data for Non-isothermal Model and Asphalt 
Ridge Tar Sand. 
Furnace Temperature Time Conversion 
min. 




















This is a compromise between a very accurate description of 
the heat transfer to the boat, which is not justified in view 
of the time required and the lack of data, and a polynomial 
correlation of the temperature histories. This latter method 
was rejected since it would have no physical basis and could 
not be used for extrapolation beyond the data. With equation 
(10), both parameters, Tf and b, need not be determined by a 
pure fit of the data. Tf, while not equal to the furnace 
setting, probably can be taken to increase in the same 
increments as that setting. The heat transfer resistance, 
1/b, might be assumed constant. 
Starting at the lowest furnace temperature, Tf and b were 
found by minimizing the error in describing the temperature 
data with equation ( 10). Since the furnace temperatures used 
were selected as multiples of 56°C (100 °F) above the lowest 
furnace temperature, Tf was increased by multiples of 60°C 
(keeping more than one significant figure was thought 
unnecessary). The value of b was then found by assuming a 
value, calculating some temperatures, and comparing the fit. 
This was sufficiently precise since only one significant 
figure would be retained. The fitting function for the 
averaged temperature histories is compared with several 
actual histories in Figures 19, 20 and 21. The parameters for 
equation (10) are given in Table VI. The same optimization 
·procedure as used before was attempted on this data. A true 
optimum was not found. An optimum was found on activation 
energy and preexponential factor for any value of reaction 
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Figure 19. Comparison of temperature hi story fitting 
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Figure 20. Comparison of temperature hi story fitting 
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Figure 21. Comparison of temperature hi story fitting 
function with several actual temperature hi stories. 
Table VI. 
Function. 
Parameters for Temperature History Fitting 
Furnace Temp. b 
K K 1/min. 
811 800 0.70 
866 860 0.80 
922 920 0.80 
977 980 1.10 
1089 1100 1.40 
1200 1220 1.80 
66 
67 
order, but these optima were monotonically decreasing with 
increasing reaction order, in the range of one to ten. These 
optima, as well as the corresponding best activation 
energies, are plotted against reaction order in Figure 22. In 
this figure, a considerable improvement is noted by going from 
an order of one to two. Picking an order of three might also 
be justified, but going higher than this is not. For 
copsistency with the TST sand results, the reaction order was 
taken to be two. In this case, the activation energy was 
8 20,600 caljgmol, and the preexponential factor was 1.2x10 g 
bi tumenjg pure sand/minute. The parity plot for values of the 
parameters that give essentially the minimum error is shown in 
Figure 23. The regression coefficient for this model is 0. 93. 
It can be seen that much of the random scatter is removed, 
compared to Figure 18. The fit at high conversion is fairly 
good. However, nearly all of the low conversion data is 
predicted as being too low. It is thought that temperature 
gradients in the sample are responsible for this. 
The thermocouple measuring the sample temperature was 
located about 1/3 of the sample thickness down into the sand 
layer. At the beginning of a run, the layer of sand touching 
the boat becomes hot almost immediately, but this temperature 
wave takes some time to travel to the thermocouple. Thus, 
while the thermocouple is indicating some temperature, most 
of the sand is at a higher temperature. The thermocouple 
indicates lower thermal severity, and hence lower conversion, 
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Figure 22. Error minima and optimum activation energies 
versus reaction order for smoothed non-isothermal model and 
Asphalt Ridge tar sand. 
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Figure 23. Calculated conversion versus measured conversion 
for smoothed non-isothermal model and Asphalt Ridge tar sand. 
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gradients exist for only a portion of the run, and the 
thermocouple gives a better picture of the entire sample's 
thermal history. Perhaps because of a greater amount of data 
in the high conversion region, the emphasis of the fit was 
placed there. If this region is predicted well, then the 
effect just mentioned would not be accounted for, and the 
agreement should not be as good in the low conversion region. 
A way to improve the model would be to solve the heat · 
equation for the geometry of the boat. The recorded 
temperature history could be matched by the solution to this 
equation by suitable selection of the thermal conductivity. 
For each run, the rate equation could be integrated over both 
time and space to give the total conversion. 
D. PARTICLE SIZE EFFECTS 
Addi tiona! data useful for determining the decomposition 
rate of bitumen was obtained for TST sand. The data is that of 
weight loss versus time for samples of tar sand with three 
different particle sizes. The objective in taking this data 
was to study the effect of particle size on the decomposition 
rate. The data are presented in Figures 24 through 26. The 
95% confidence intervals are indicated for the points for 
which replicate runs were made. Even with the small sample 
sizes used and fine control of furnace temperature at the 
boat's location, the uncertainty at any point is still fairly 
large. 
This might be expected for the 3/4 mesh samples. There 


















0 10 20 30 40 50 60 
TIME (MIN.) 
Figure 24. Weight loss of 3/4 mesh Tar Sand Triangle tar sand 
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Figure 25. Weight loss of 30/35 mesh Tar Sand Triangle tar 
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Figure 26. Weight loss of 100/140 mesh Tar Sand Triangle tar 
sand versus time at 388°C. 
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content, of the individual 3/4 mesh particles. To see the 
extent of this variation, 10 minute runs were performed with 
samples made up of only the extremes in bitumen content. The 
weight losses were 6. 5 and 1. 0 percent. The policy of 
selecting particles for the 3/4 mesh samples was to pick the 
medium dark particles, as it was thought that these reflect 
most accurately the bitumen assay measured for the entire lot 
of particles. However, indistinguishable variations of 
intermediate bitumen content exist, and when the sample is 
composed of 4 to 5 particles, one odd particle may exist and 
have a significant effect. For this reason, each point for 
the 3/4 mesh sample was generally checked with at least three 
additional runs. For the 30/35 mesh samples, the average was 
about 3 runs per point, and 2 runs per point were used for the 
100/140 mesh samples. The homogeneity of the smaller mesh 
sizes was expected to be better than for the 3/4 mesh, and so 
fewer replicates points were taken. In Figures 24-26, the 
confidence intervals for the 30/35 mesh are about the same as 
for the 3/4 mesh samples. However, two runs per given time was 
not sufficient to give small confidence intervals for the 
100/140 mesh sand. 
For each of the sand particles sizes, data had been taken 
at nitrogen flow rates of 100 and 500 mL/min. An analysis of 
variance was done between data at the two nitrogen flow rates 
to see if the difference is significant compared to the 
uncertainty in measurments. It was found that the means of 
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the data at the two flow rates are not significantly different 
at a 90% level. Thus, either the flow rate had no effect on 
the rate of weight loss, or the effect was masked by the 
variation in replicate runs. 
All 6f the runs used to find the pyrolysis kinetics for 
TST and AR sand used flow rates of 50 mL/minute and below. 
Thus, it cannot be said whether the results presented earlier 
were affected by this variable. 
The curves placed through the weight loss data in Figures 
24-26 were estimated. The data for the 3/4 and 100/140 mesh 
samples appears to show a gradually decreasing rate of weight 
loss with time, becoming nearly zero after 60 minutes. The 
30/35 mesh data describes two regions. Up to a time of 3 
minutes, there is a very rapid weight loss. The rate then 
abruptly drops to a nearly constant level which is maintained 
to a time of 60 minutes. These latter data may show a 
separation between the mechanisms of vaporization and 
pyrolysis. 
It has been shown that bitumen may be separated into two 
fractions, one having a high volatility so that it generally 
distills from the sand at the heating rates used, and another 
fraction that must crack before it will vaporize (Ritchie et 
al. , 1978; Ritchie et al. , 1979) . The first fraction is known 
as the mal tenes, and the second as the asphal tenes. The rapid 
weight loss region in Figures 24-26 may correspond to a 
distillation of the maltenes. The vaporization is limited 
only by the rate at which heat can be transferred to the 
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sample, and hence the rate is very fast. All of the maltenes 
are vaporized in about 4 minutes. The asphaltenes had been 
cracking and vaporizing since the sample reached a high 
temperature, and this process contributed to the high rate of 
weight loss at the start of the run. But, after the maltenes 
have all distilled off, the rate of asphaltene cracking alone 
may be observed. The maltene distillation occurs at a rate 
given by the heat transfer rate, as long as some maltenes are 
present, until all of the maltenes are gone. 
To compare the data at the different particle sizes, the 
weight losses must be based on the original concentration of 
bitumen.This quantity is difficult to establish because the 
process of preparing the samples affects the bitumen content, 
and also because the bitumen content varies with position in 
the sand . 
. For example, in Figure 27 the bitumen assay is shown 
plotted versus average particle diameter for samples of 
different particle sizes prepared from TST sand. The mesh 
sizes in Figure 27 are 3/4, 14/16, 30/35, 45/70, and 100/140. 
Because the same amount of extraction time was allowed for 
each sample, it was thought that diffusion limitations were 
responsible for the lower assay for the large particle sizes. 
Perhaps not all of the bitumen could be removed in that amount 
of time. However, additional extraction time was allowed for 
the large particles, such that an ultimate value was reached. 
This was the same as ·the previous assay. Another group of 3/4 
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Figure 27. Bitumen content of Tar Sand Triangle tar sand 
versus particle diameter. 
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crushed and reextracted. Again the assay was the same. Thus, 
an enrichment was obtained by the process of freezing, 
crushing, and selecting the finer particle sizes. 
It is thought this phenomena is due to the inhomogeneous 
nature of the sand, and the brittleness of the frozen bitumen. 
There are regions of high and low porosity in the sandstone, 
depending upon how the sand grains pack. If the grains pack 
tightly, there are many neighbor grains touching each 
individual grain and vice versa. When the bitumen seeped into 
the formation, more was able to settle in the more porous 
region, where there were few grain-grain bonds. Upon freezing 
· and crushing this material, the frozen bitumen cracks easily, 
but the grain-grain bonds are fairly difficult to break. In 
the rich sections of tar sand, the bitumen and few existing 
grain-grain bonds break apart, forming many small particles. 
The lean sections, with many grain-grain bonds tend to remain 
intact, and hence contribute more of the larger particles. 
The smaller particles then originate in a bitumen-rich part of 
the formation, and the large particles come from the lean 
sections. More work must be done to verify this explanation. 
Thus, a different bitumen content had to be used for each 
particle size. Also, as previously discussed, the 4 to 5 
particles selected for each sample may not have had the same 
assay as the bulk 3/4 mesh lot. 
The assays in Figure 27 were used to convert the weight 
losses to an original bitumen basis. These data are plotted 
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Figure 28. Percent weight loss of original bitumen versus 
time at 388°C for three particle sizes of Tar Sand Triangle 
tar sand (bitumen weight fractions used: 3/4--0.0699, 30/35--
0.1046, 100/140--0.1308). 
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coke formation, is only about 50% of the extractable bitumen. 
It was thought that each curve should have the same ultimate 
weight loss, as the temperature was identical for . each of 
them. The fact that they do not may indicate that the bitumen 
assays do not reflect the amount of reacting material. If 
there is an effect of particle size, the effect for the 30/35 
mesh sample should be intermediate between those for the 3/4 
and 100/140 mesh samples. The fact that the 30/35 mesh curve 
lies entirely above the 100/140 mesh curve also suggests a 
problem with the bitumen assays. 
Assuming these assays are at fault, and the curves should 
have the same asymptotic maximum, the curves for the 3/4 and 
100/140 mesh samples were normalized with their respective 
ultimate values taken at 60 minutes. These data are plotted 
in Figure 29, along with the smallest 95% confidence interval 
at each value of time in Figures 24 and 26. If the confidence 
intervals may be taken as an indication of the uncertainty in 
placing the curves, it can be seen that the difference between 
the curves is nearly everywhere small compared to this 
uncertainty. For these experiments, it cannot be said that 
the curves differ significantly, and so particle size has no 
major effect on the decomposition rate. 
E. PYROLYSIS INITIATION TEMPERATURE 
It is known that the thermal removal of the bitumen from 
the tar sand involves both vaporization and pyrolysis. It is 
thought that these two mechanisms may have separate periods of 
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Figure 29. Weight loss of 3/4 and 100/140 mesh samples of Tar 
Sand Triangle tar sand normalized with their respective 
weight losses at 60 minutes (minimum 95% confidence interval 
at each time shown). 
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that the bitumen decomposition may be separated into a 
vaporization region and pyrolysis region is aided by the fact 
that bitumen is composed of two organic fractions. One part 
is thought to mainly vaporize from the sand and the second 
must be removed by pyrolysis followed by vaporization. 
The mal tene and asphal tene fractions of separated 
bitumen have been studied (Ritchie et al, 1978; Ritchie et 
al., 1979). The maltenes, or pentane-soluble fraction of the 
bitumen, vaporized from 200°C to about 600°C. Pyrolysis was 
not required for vaporization to occur, and no pyrolysis of 
the maltenes was detected. In the experiments used, the 
maltenes were able to distill and escape from the hot zone 
before cracking could take place. In one case where a 800°C 
furnace was used, cracking of the maltenes was demonstrated. 
The asphaltene fraction is made up of molecules of molecular 
weight from 100 to 10,000, built up of aromatic rings. 
Pyrolysis occurs before vaporization of the parent molecule, 
at about 500°C. 
Work has not been done to see at what temperature 
pyrolysis starts for bitumen in the sand matrix. This value 
may be different than that for separated bitumen, due possibly 
to catalytic effects of the sand. 
1. Thermogravimetry Method The first method used in 
this work to . find the starting pyrolysis temperature for 
Asphalt Ridge sand was thermogravimetric (TG) in nature. It 
had been shown on TG traces for separated bitumen by Rosenvold 
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et al. (1982) that a gradual weight loss occurred up to a 
certain temperature, and then the weight loss shifted to a 
higher rate. It was noticed that the break between these two 
regions was more distinct at slower heating rates. It was 
thought that the slower rates may give material that is able 
to vaporize at low temperatures ( 100-300°C) the time to 
diffuse out of the bitumen and escape before higher 
temperatures are reached. The pyrolysis region would then not 
be masked by vaporization and the onset of pyrolysis would be 
more recognizable. It was hoped that a very slow heating rate 
might split the two regions for the parent tar sand. 
A weighed sample of AR sand was placed in the stainless 
steel boat, and a thermocouple was placed in the sand, as 
already described. This assembly was inserted into a pre-set 
tube furnace for a certain amount of time, then reweighed. 
The same sample was repeatedly placed back into the furnace 
for additional amounts of time and then reweighed. After 
sufficient residence time was accumulated at one temperature, 
the furnace temperature was increased, and the process was 
repeated with the same sample. 
The weight loss data which resulted are plotted versus 
time in Figure 30. The temperatures indicated are the final 
values of the sand in the furnace. It can be seen that even at 
the extended times of the experiments, no ultimate value for 
weight loss was reached at a given temperature. Also, though 
the data are not spaced closely at the start of a new 
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Figure 30. Weight loss versus time for Asphalt Ridge tar sand 
at various temperatures. 
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the initial rates do not appear substantially different at 
different temperatures. Thus, a temperature is not seen at 
which the ultimate weight loss is small and quickly reached, 
indicating the loss of all vaporizable material. Also, a 
temperature is not observed at which the initial rate of 
weight loss is significantly higher than at any lower 
temperatures, corresponding to the onset of pyrolysis. 
Evidently, the high-boiling components (300°C-600°C) 
known to be present in the bitumen are not sufficiently 
removed in the time which was allowed for this experiment. 
Vaporization occurred over the entire range of temperatures, 
masking the start of pyrolysis. Another method for 
determining the beginning pyrolysis temperature was 
attempted. 
2. Gas Chromatography Method In the second method, it 
was reasoned that vaporization alone gives products of 
increasing molecular weight as the temperature is increased. 
Thus, very light components, c 1 to c 5 , would be vaporized at 
low temperatures, say below 200°C. As the temperature is 
increased, the boiling points of heavier compounds are 
reached and the molecular weight of the products should also 
increase. However, the principal products of pyrolysis are 
very light, in the c
1 
to c 10 range (Jha et al., 1978; Jha et 
al., 1979). Heating a sample of tar sand should give light 
products, then heavy products, and then additional light 
products as pyrolysis begins to occur. To detect the light 
hydrocarbons, the pyrolysis product gas was sampled by gas 
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chromatography. Though an on-line system was not obtained, 
on-line performance was approximated by repeated hand 
sampling and analysis of the product gas. A Labline gas 
chromatograph with a thermal conductivity detector was 
obtained, and the single column was packed with SP-2100 on 
80/100 Supelcoport. The sensitivity of this chromatograph 
was fairly low, as compared to a flame ionization detector 
instrument which had been used, and testing with pyrolysis 
product showed that only compounds in the c
1
-c5 range were 
produced in sufficient quantity to be detected. c1 through c3 
compounds were eclipsed by the nitrogen peak of the pyrolysis 
carrier gas, but butanes and pentanes could be seen. 
In these experiments, 2 to 3 grams of AR sand were placed 
in a glass U-tube which was placed in one end of the furnace. 
A thermocouple was buried inside the sample, and nitrogen was 
directed through the U-tube. Sampling was done by manually 
filling a 2 rnL gas-tight syringe approximately 2 ern downstream 
from the tar sand, and immediately analyzing the sample on the 
chromatograph. Three tar sand samples were heated, and the 
successive chromatograms for each are shown in Figures 31 to 
33. The first very large peak is due to nitrogen, and the 
immediately following sharp peak is due to butanes. Sharp 
peaks after butane are thought to indicate alkanes and alkenes 
a few carbon numbers higher than butane. The temperatures in 
the figures are the temperatures of the sand at the times the 
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Figure 31. Chromatograms of product generated at various 
temperatures from Asphalt Ridge tar sand (heating run 1). 
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Figure 32. Chromatograms of product generated at various 
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Figure 33. Chromatograms of product generated at various 
temperatures from Asphalt Ridge tar sand (heating run 3). 
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The first tar sand sample was heated continuously at 3-
40C/minute, and was sampled every 30°C. The c
4 
peak appeared 
from 100°C to 260°C, but at low levels. The peak was again 
seen at 340°C at a higher intensity. It disappeared after a 12 
minute holding period at 340°C, and was not seen during the 
remainder of the run to 390°C. It was thought that the large 
0 peak at 340 C was caused by pyrolytic butane, and that the 
presence of c4 out to 260°C indicated that the heating rate 
was too large. Any butanes already present in the bitumen 
were not given sufficient time to diffuse out or be desorbed 
from the bitumen at lower temperatures. 
Sample two was repeatedly heated in 30°C increments, 
followed by 5 minute holding periods, and sampling was done 
after both the heating and holding periods. The c4 peak was 
observed at 150°C, and again at 270°C. At 315°C, the 
temperature increment was changed to 15 °C. After the heat-up 
to 330°C, the broad water peak was seen for the first and only 
time. It was noted that water had been condensing on the cool 
part of the U-tube downstream from the sand since the start. of 
the run. It is thought that part of this condensate was 
somehow incorporated into the gas sample. The c4 peak also 
appeared with high intensity at this time and remained to a 
temperature of 345°C. No other peaks were observed to a 
temperature of 370°C. 
The third sample was heated with the same temperature 
increments as sample two, but the holding periods at each 
temperature were 10 minutes each. No peaks were observed 
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until the c 4 peak at 345°C. This peak continued to appear as 
the temperature was raised to the end of the run at 430°C. At 
0 
370 C, peaks from compounds heavier than butanes and pentanes 
were noted, and they increased in intensity as the temperature 
was raised. 
The result of this work is the conclusion that pyrolysis 
is thought to begin at about 350°C. Light alkanes, butane 
among them, are the principal products of pyrolysis, and 350°C 
was consistently about the lowest temperature at which butane 
was strongly evolved. 
It is difficult to speak of an initiation temperature for 
pyrolysis, as it requires one to specify a desired rate for 
pyrolysis to occur. Strausz et al. (1977) have detected a 
small rate of cracking at a temperature as low as 5°C for 
Athabasca tar sand. On heating separated Athabasca 
asphaltenes, they found decomposition beginning around 200°C 
and accelerating rapidly at 400°C. Ritchie et al. (1978) 
consider significant pyrolysis of a separated Athabasca 
0 0 
bitumen to begin between 400 C and 500 C. ·Fernandez Lozano et 
al. (1978) state that the mechanism of bitumen loss changes 
from predominantly distillation to chiefly cracking at 324°C, 
for an Orinoco bitumen. 
Though the pyrolysis was shown to be due mainly to the 
asphaltene fraction, pyrolysis products were also found when 
maltenes were heated to 500°C. As previously mentioned, the 
mal tene fraction of the bitumen samples significantly 
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degraded in a 800°C furnace and they were almost totally 
cracked when the furnace temperature was 950°C. Phillips et 
al. (1982) heated separated Athabasca asphaltenes and found 
they start to break down at about 400°C. They also heated both 
Athabasca tar sand and extracted bitumen. The conclusion was 
drawn that the mineral matter increased the rate of the 
decomposition at temperatures below 400°C. As decomposition 
0 of asphaltenes was already shown at 5 C (Strausz et al., 
1977), the rate at about 350°C may have been increased to make 
it detectable and appear as the initial pyrolysis temperature 
in this work. Ritchie et al. (1979) state that Athabasca 
asphaltene decomposition is readily observable at 
temperatures well below 400°C. From their plot of weight loss 
versus time, it appears that decomposition begins at about 
300°C. They also refer to a paper by Moschopedis et al. (1978) 
which gives a value of 350°C for the threshold temperature 
between low and high-level gas evolution for Athabasca 
asphaltene. This large amount of comparison data is given 
here to show the variety of conclusions about pyrolysis 
initiation temperature. The value obtained in this work for 
Asphalt Ridge tar sand compares favorably with the values for 
Athabasca tar sand. 
F. REACTOR DESIGN 
1. Pyrolysis Process After having experimentally 
obtained an expression for the reaction rate of pyrolysis, it 
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was desired to use this information to design a thermal 
processing system for tar sands. This would allow an 
investigation o~ the factors affecting the tar sand pyrolysis 
process to be developed, and some estimates regarding the 
feasibility of the process to be determined. 
The proposed pyrolysis process is shown in Figure 34. 
The tar sand is fed to the pyrolyzer through a screw feeder to 
break it into small particles. The sand is instantaneously 
heated and vigorously fluidized in the fluidized-bed reactor, 
and the bitumen both flashes and cracks to leave the sand. The 
pyrolyzed tar sand, with some coke and unconverted bitumen, 
drops to a kiln which is fluidized with a combination of air 
and recycled combustion gases. The coke and bitumen, 
considered as pure carbon, combine with the oxygen to give 
carbon dioxide and generate heat which raises the temperature 
of the sand. This hot spent sand drops from the kiln, where a 
portion of it is conveyed, possibly by compressing some of the 
combustion gases, to the pyrolyzer to act as the sole energy 
source in that unit. The gas used in the product loop from the 
pyrolyzer is nitrogen. Combustion gas from the kiln may be 
more useful for this purpose, but it was desired to preclude 
combustion entirely in the pyrolyzer. The nitrogen, 
containing vaporized product oil, is taken from the pyrolyzer 
to a cyclone (not shown) to remove sand fines, and then to a 
condenser where ·cooling water is used to condense a sufficient 
quantity of the oil. Also produced will be hydrogen, hydrogen 
























condense. To keep the concentrations of these gases from 
building up to high levels and possibly affecting the 
pyrolysis reaction, a portion of the nitrogen stream is purged 
after it leaves the condenser, and make-up nitrogen is then 
added. This cool nitrogen stream is reheated by contact with 
·the hot spent sand leaving the kiln after the recycled portion 
is taken off. The reheated nitrogen then enters the 
pyrolyzer. A portion of the nitrogen is continuously removed 
from the pyrolyzer, compressed, and is reinjected into the 
pyrolyzer to provide fluidization. A portion of the 
combustion gases are exhausted to account for the added carbon 
dioxide. These gases are assumed to exchange heat with the 
supply air so that it does not enter the kiln cold. 
To find the equations describing the pyrolyzer, 
addi tiona! assumptions are needed. The pyrolyzer was taken to 
be perfectly mixed, and homogeneous in temperature in the 
solid and gaseous phases. All streams leaving the pyrolyzer 
were at the pyrolyzer temperature. The tar sand feed entered 
at a specified rate, temperature, and bitumen and coke 
content. The temperature and conversion in the pyrolyzer were 
specified. The stoichiometry used was bitumen forming 90% 
product and 10% coke by weight, which underestimates the coke 
yield slightly. An estimate of the enthalpy change of the 
vaporization/cracking process was made from the work of Flynn 
et al. ( 1976) . The heat of cracking of Athabasca tar sand was 
given as 33.3 caljg, and the heat of vaporization of the 
product was listed as 56.4 caljg. The reaction heat for the 
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overall decomposition was found by realising that 90% of the 
bitumen cracks and vaporizes, and 10% forms coke. The 
enthalpy change for the 90% forming product is 33.3 caljg plus 
56.4 caljg. The enthalpy change of the coking reaction was 
taken to be that of cracking, or 33.3 caljg. The combination 
of these two values, ·weighted with the proportions forming 
product and coke, gives a value of 84 cal/g. A coke yield of 
5% gives an overall enthalpy change of 86 cal/g, which is the 
value that was actually used. The difference is 
insignificant. This enthalpy effect was taken to be 
independent of temperature. The spent sand entering the 
pyrolyzer was assumed to be at the kiln temperature, and to 
have a coke content equal to that of the sand leaving the kiln. 
This coke content was unchanged in the pyrolyzer. Nitrogen 
entering the pyrolyzer was taken to be pure, and to be at the 
temperature of the kiln less a specified temperature 
approach. 
The equations needed for this reactor were mass balances 
on the bitumen, product oil, coke, nitrogen, and pure sand, 
and a total energy balance as follows: 
(11) 
( 12) 





The only unknown in equation (12), w , was eliminated from 
p 
equation ( 16) with equation ( 12). Similarly, w was c,2 
eliminated from equation ( 16) with equation ( 13). The use of 
equations (14) and (15) allowed the elimination of mN2 , 1 and 
m 2 from equation ( 16). The remaining unknown quanti ties in s, 
equation ( 16) were then w c, 3 and R1 . 
The kiln was considered perfectly mixed, and homogeneous 
in temperature in the solid and gas phases. The coked sand 
entered the kiln at the pyrolyzer temperature, and with 
bitumen and coke contents which were lumped together to give 
an effective entering coke content. This was burned to carbon 
dioxide with the heat of combustion of pure carbon. Coke may 
be taken as 100% carbon, and bitumen is about 86% carbon. If 
the conversion of .bitumen in the pyrolyzer is high, the amount 
of bitumen entering the kiln is small, and treating the 14% 
hydrogen content of this bitumen as carbon in calculating the 
heat of combustion is appropriate. The coke content of the 
sand leaving the kiln was assumed not to change during 
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succeeding passes through the kiln. For an initially high 
conversion of the coke, this remaining coke is negligible, and 
in addition, is located at the center of the sand particles 
where oxygen diffusion limitations would keep the extent of 
additional combustion small. Thus, the portion of recycled 
sand entering the kiln undergoes a temperature increase, but 
has _no change in coke content. The air stream entering the 
kiln is taken to be at the kiln temperature less the same 
specified temperature approach as used for the nitrogen 
stream. The size of this supply air stream had to be specified 
if the coke conversion was to be taken as a variable. The air 
purge heats the supply air to meet the temperature approach 
specification. Because this stream is at the kiln 
temperature, and because it always exceeds the supply air by 
the amount of combusted carbon, it always contains sufficient 
energy to meet this requirement. The equations used at the 
kiln were oxygen, nitrogen, carbon dioxide, and total mass 
balances and a total energy balance as follows: 
32 
0 · 232m 1-ms l(wb 2+wc 2-wc 3)12 = w02ma 4 a, 1 1 I I I 
(17) 
(18) 
W02 + WC02 + WN2 = 1 (19) 




The variables remaining in these six equations were the coke 
content in the sand leaving the kiln, w 3' c, the recycle 
fraction, R1 , the carbon dioxide, oxygen, and nitrogen mass 
fractions in the gas stream leaving the kiln, wc02 , w02 , wN2 ' 




Also specified was the temperature of the product 
condenser, since some idea was needed of the energy required 
to heat the nitrogen stream back to near the temperature of 
the pyrolyzer. This specification would be made in order to 
achieve satisfactory recovery of the product oil, and was here 
taken as 25°C. The final temperature of the waste sand was 
also taken to be 25°C. The size of the nitrogen stream was 
taken to be 400 kg/min., which corresponded to a mass fraction 
of product in this stream of about 0.3. In reality, this mass 
fraction would have to be set at a value that would not affect 
the pyrolysis reaction rate or product characteristics 
adversely. The purge rate for nitrogen was taken to be zero. 
An indication of remaining usable energy was given by the 
0 enthalpy of the waste sand stream above 25 C less the energy 
required to heat the nitrogen to meet the temperature approach 
specification. 
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The six equations, (16) through (21), were solved by a 
tearing/direct substitution method (Perry and Chilton, 1973, 
p. 2-54). The final coke content in the kiln was assumed, 
allowing the energy balance on the pyrolyzer to be solved for 
the recycle fraction by the Newton-Raphson method (Perry and 
Chilton, 1973, p. 2-53). Knowing the final coke content, the 
air purge rate was found from the total mass balance in the 
kiln. The oxygen, nitrogen, and carbon dioxide contents of 
the air purge were then found from their respective balances. 
The energy balance on the kiln was then solved for the final 
coke content in the waste sand. This coke value was then used 
as the guess for the next iteration of the equations. This 
process converged in about 5-10 iterations. The surplus 
energy could then be determined from its defining equation as 
described. 
The kiln temperature, which may be chosen arbitrarily, 
has a considerable influence on the recycle fraction and the 
surplus energy, as shown in Figure 35. As the kiln 
temperature is increased for a fixed pyrolyzer temperature, 
less sand must be recycled to supply energy to the pyrolyzer, 
and the recycle fraction becomes smaller. For the base case 
temperature of 600°C in the kiln, the recycle fraction is 
0.81, which means the ratio of the recycle stream to the feed 
stream is about 4.3. Changing the kiln temperature has no 
effect on the amount of sand leaving the process, but it does 
affect its temperature. As the kiln temperature rises, so 
does the temperature of the sand exiting the kiln. The 
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Figure 35. Fraction of spent sand recycled to pyrolyzer and 
surplus energy in waste sand versus kiln temperature. 
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heating requirement of the nitrogen stream also increases 
with increasing kiln temperature, but remains small compared 
to the energy present in the sand due to the small value that 
was used for the size of the nitrogen stream and the fairly 
small temperature approach used. Thus, the surplus energy can 
be seen to increase with increasing kiln temperature. The 
recycle fraction approaches unity as the kiln temperature 
approaches the pyrolyzer temperature. In Figure 36 a plot is 
shown of the maximum kiln temperature versus bitumen 
conversion in the pyrolyzer. For a given kiln temperature, 
sufficient coke and bitumen must be avai !able so that complete 
combustion will provide the energy to heat the sand from 
pyrolyzer temperature to kiln temperature. The pyrolyzer 
conversion determines how much bitumen and coke remains on the 
sand entering the kiln, and hence determines the maximum kiln 
temperature. 
For a given bitumen conversion, the bitumen content of 
the tar sand feed also determines the fuel content of the sand 
entering the kiln. A value of the feed bitumen content exists 
at which the amount of coke and bitumen on the sand entering 
the kiln is just sufficient to satisfy the energy needs if it 
is completely cornbusted. The minimum allowable bitumen 
content of the tar sand feed is shown in Figure 37. For lower 
kiln temperatures, less energy leaves the process in the waste 
sand, and so less bitumen must be present initially to 
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Figure 36. Maximum kiin temperature versus bitumen conversion 
in pyrolyzer. 
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Figure 37. Minimum bitumen content of feed versus kiln 
temperature for 90% bitumen conversion in the pyrolyzer. 
- _j 
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Flynn et al. (1976) solved the energy and mass balances 
for a tar sand pyrolysis process similar to the one described 
here, and their results compare well with those from this work 
when the process differences are considered. Although Flynn 
et al. (1976) use the combustion gas as the fluidizing medium 
in both pyrolyzer and kiln, and assume almost total heat 
recovery from it in the pyrolyzer, the use of the hot sand 
recycle was still found to be necessary as a heat source for 
the pyrolyzer. This is reasonable because the size of the 
flue gas stream is only about 10% of the size of the tar sand 
feed. It is important to consider also the heat transfer 
implications of the energy source used. Although temperature 
homogeneity was assumed in these calculations, this condition 
is more easily met with the hot sand recycle because the 
contacting of the feed with the hot sand heats it more easily 
than if flue gas alone were used (Rammler, 1970). 
Flynn et al. (1976) also allow the option of burning 
supplementary fuel gas in the kiln, where the fuel gas may be 
obtained from the products of the pyrolyzer. It is stated 
that the advantage of this is that only partial combustion of 
the coke is required to meet the energy needs, allowing the 
possibility of leaving a portion of the entering sulfur in the 
waste coke. Though sulfur may be evolved in the pyrolyzer, it 
will be as hydrogen sulfide, which may be more easily removed 
than the sulfur dioxide which is produced in the kiln. Apart 
from sulfur removal considerations, supplementary fuel could 
be used in the kiln to achieve temperature control. 
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In addition to solving the energy and mass balances for 
the system of Figure 34, the volumes of the pyrolyzer and kiln 
were determined using this solution and reasonable 
descriptions of the kinetics of the reactions occurring in the 
two vessels. Both reactors were taken to be perfectly 
macromixed, and to have no micromixing. Macromixing refers to 
the tendency for volume elements of some length scale to 
become separated from each other upon entering the mixing 
region. Micromixing pertains to how closely the length scale 
may approach the size of the molecules themselves and still 
have macromixing. For these reactors, if a length scale less 
than the particle size of the tar sand is considered, then 
objects of this scale never leave the vicinity of their 
neighbors (the objects they entered with), because the 
particles are considered indivisible. Thus, the length scale 
never gets close to the molecular size, and micromixing is 
nonexistent. However, each of the tar sand particles is 
assumed to leave the vicinity of its neighbor particles 
immediately upon entering the reactor, a situation denoted as 
perfect macromixing. Under this condition, the tar sand 
particles remain in the reactor for all possible values of 
time from zero to infinity. The frequency of occurrence of 
each particular value of time is given in Froment and Bischoff 
( 1979) by the following residence time distribution: 
E ( 8 ) = exp ( - 8 It ) It (22) 
__j 
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The mean residence times, t and tk' were given by the reactor 
. p 
volumes divided by the volumetric flow rates of the sand in 
each reactor. The final bitumen concentration at the outlet 
of the pyrolyzer may not be calculated by multiplying the mean 
residence time by the rate given by equation (2) using average 
reactor conditions of bitumen concentration and temperature, 
because the reactions are not first order ( Froment and 
Bischoff, 1979). Instead, each tar sand particle is 
considered a batch reactor existing in the reactor for some 
residence time, and batch kinetics (equation (5)) are used to 
find its bitumen content at that residence time. The overall 
bitumen content is found by summing the individual contents 
according to the frequency of occurrence of the residence 
times they are associated with using equation ( 22), as in the 
following: 
00 
w = 1 w (a) E (a> de ave o (23) 
The reactor volume affects w in the quantity E(9) through ave 
t, the mean residence time. Knowing w from the material ave 
and energy balance solution, t may be found from equation (23) 
by trial and error when the form of w(9) is known. 
For the pyrolyzer, the second order kinetics expression 
found in the experimental part of this work was used for w(S). 
For a second order reaction, equation (23) may be written 
(Froment and Bischoff, 1979) as 
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wb ave = E1 ( 1/kp/Tp/wb
0
) exp ( 1/k 1 T ;wb0 ) /k /T 
I p p p p (24) 
where E 1 is the exponential integral. This expression was 
solved iteratively for T , using a series representation for p 
The situation for the kiln is more complex in that the 
sand still exists in the kiln for a distribution of residence 
times, but this sand now enters with a distribution of coke 
contents. The average coke conversion is given by 
00 00 
w = J J w ( wb ( a ) , a k) E ( e ) Ek ( e k) de de k . c, ave o o c p p P P (25) 
The quantities Ep(Op) and Ek(Ok) are each given by equation 
(22) using the appropriate mean residence time for each. 
The form for the coke conversion in equation (25) was 
taken from the chapter on noncatalytic gas-solid reactions in 
Froment and Bischoff (1979). The rate of the reaction is 
considered to be limited by both the intrinsic reaction rate 
and the diffusion of oxygen into the particles and the 
equations that are used to describe the overall combustion 
process allow for either of these two mechanisms to control 
the overall rate. 
A form for the intrinsic kinetics of combustion must be 
supplied, and the choice of this form is not clear. The rate 
dependence on coke content is thought to be first order for 
monolayer coke deposition and the dependence appears weaker 
than first order for multilayer deposition (Weisz and 
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Goodwin, 1966). The spatial distribution of the coke on tar 
sand is not known. A pseudo first order rate law: 
(26) 
wa-s used because the coke combustion-oxygen diffusion 
equations have an analytical solution with this form. The 
coke content influences the rate through its initial value 
only. 
The data of Weisz and Goodwin (1963) for coke combustion 
in a porous catalyst pellet was used to find the temperature 
dependent rate constant in equation (26). This rate constant 
is given by: 
k 1 7 lo
ll [-38,000] 
c = . x exp[ R•T ] (27) 
The listed value of the diffusivity of oxygen under combustion 
conditions -3 of Sx 10 cm
2;s was used in this work. The 
analytical solution to the coke combustion-diffusion 
equations, equations 4.2-12 through 4.2-16 in Froment and 
Bischoff (1979), is as follows: 




X = 1 - + -T ( ~ E; co th ( ct> E; m) - 1) (Stage 2) c m ~ m 
_j 
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For 8<1, equation (28) should be used to find the conversion. 
When 8>1, the coke content at the surface of the particle has 
dropped to zero (Stage 2), and equation (29) must be used to 
find the conversion. 
For a tar sand particle with an initial coke content 
equal to C~, ~ may be evaluated from equation (32). The 
quantity c02 may be found from the solution of the energy and 




_2.£ + C02 + ...!:£_ ( T +273) R 
[
w w w ~ 
32 44 28 s, 3 
(34) 
For any value oft, equation (33) may be used to give 8 and 
either equation (28) or (29) may be used to find the coke 
conversion. The final coke content may be found from the 
following: 
w = (1-x )(w 2 +wb 2 > c,3 c c, , (35) 
__j 
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If equation (29) is to be used, then equation (30) must be 
solved iteratively for the radius of the unreacted core of 
coke, E;m. The Newton-Raphson method (Perry and Chi 1 ton, 1973, 
p. 2-53) was used. 
The double integral in equation (25) was evaluated with 
Simpson's Rule. The integration over e was done over the 
p 
range of time from zero to 5 mean residence times, as this was 
found to be adequate. The integration over ek did not require 
defining an arbitrary maximum time due to the rate expression 
used for the coke combustion. Because the rate did not depend 
on the instantaneous coke content of the sand, complete coke 
combustion was achieved in a finite amount of time. Thus, the 
maximum residence time that had to be considered in the kiln 
was that required for complete combustion of the material in a 
particle that had spent zero residence time in the pyrolyzer, 
and thus contained the maximum amount of coke and bitumen 
(here considered as coke). 
The effect of various parameters on the reactor volumes 
was investigated. These quantities are the air supply rate, 
the tar sand particle radius, the kiln temperature, and the 
temperature approach at the nitrogen and air heat exchangers. 
When studying the effect of one of the parameters, the other 
parameters assume their base case values given in Table VII. 
The effect of the air supply rate on the reactor volumes 
is shown in Figure 38. The effect on the pyrolyzer volume can 
be seen to be negligible. This is due to the 100°C temperature 
approach used. Much of the energy of the exhausted flue gas is 
Table VI I. Base Case Parameter Values for the Tar Sand 
Pyrolysis Process Model. 
Air Supply Rate (m 
4
) a, 
Kiln Temperature (T 3 ) s, 
Temperature Approach (APPR) 
Particle Radius (RAD) 
Bitumen Conversion ( xb) 
PyrolyzerTemperature (T 2 ) s, 
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Figure 38. Pyrolyzer and kiln volumes versus air supply rate 
to kiln. 
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recovered in heating the supply air and so increasing the rate 
of air does not affect the heat load on the kiln, and hence the 
pyrolyzer, too much. However, increasing the air rate does 
increase the oxygen concentration in the kiln, which 
increases the combustion rate and decreases the required kiln 
volume. Only for a large air rate does the effect of having to 
· heat the air cause the curve to rise. An air rate of 700 
kg/min would minimize the kiln volume satisfactorily. 
The effect of particle radius on the kiln volume is 
illustrated in Figure 39. Each curve in Figure 39 shows the 
change from a reaction rate limited regime to an oxygen 
diffusion limited region for coke combustion as the radius is 
increased. For small radii, the kiln volume is not affected 
much by changing the particle radii, indicating that oxygen 
diffusion has no influence on the overall combustion rate. 
For large radii, the plots become linear with a slope of two. 
This indicates a quadratic dependence of rate on particle 
size, which occurs when combustion is diffusion controlled 
and is described well by a shrinking core model. It may also 
be seen that the higher air flow rate does not preclude the 
existence of a diffusion controlled regime, this existence 
being due to the size of the diffusion resistance and not the 
driving force for diffusion. The higher air flow rate can be 
seen to reduce the kiln volume by about a factor of two 
compared to the lower rate. Fluidized kilns with volumes of 
100 to 500 cubic meters are large but commonly found in 
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Figure 39. Kiln volume versus radius of tar sand particles in 
kiln. 
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calcining (Perry and Chilton, 1973, p. 2-1). The base case 
radius of Sxl0-
4 
meters is not quite the optimum choice for 
kiln volume minimization. The pyrolyzer volume is not shown 
in Figure 39 because it was assumed that the particles are 
small enough that all rate processes in the pyrolyzer are not 
affected by changing radii. 
The pyrolyzer and kiln volumes are plotted against the 
kiln temperature in Figure 40. The pyrolyzer volume is seen 
to be monotonically decreasing with increasing kiln 
temperature. For higher kiln temperatures, the temperature 
of the recycled sand entering the pyrolyzer is greater and 
hence less of it is required to heat the tar sand feed. The 
total volumetric flow rate of sand through the pyrolyzer is 
then less, and the volume needed to give the required 
residence time is smaller. 
The curve for the kiln volume exhibits a minimum at about 
650°C. Because the reaction rate constant for coke combustion 
increases with temperature, the kiln volume decreases as the 
temperature approaches 650°C. However, a higher kiln 
temperature means that the spent sand leaving the process is 
at a higher temperature. Because more surplus energy is thus 
being created, more of the coke must be combusted, and this 
tends to increase the kiln volume. From Figure 36, the 
maximum kiln temperature possible at the base case bitumen 
conversion of 90% is about 750°C, and so the kiln volume curve 
will end at some local maximum when the temperature reaches 
that value. The base case kiln temperature of 600°C requires 
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Figure 40. Volumes of pyrolyzer and kiln versus kiln 
temperature. 
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The effect of the temperature approach in the heat 
exchangers on the reactor volumes is shown in Figure 41. The 
influence of the temperature approach on the pyrolyzer volume 
is small. For an increasing temperature approach at the 
nitrogen heat exchanger the nitrogen stream entering the 
pyrolyzer is cooler. The reduced energy carried by the 
nitrogen is made up by recycling more hot spent sand from the 
kiln. This additional volumetric flow of sand requires a 
larger reactor volume to give the needed residence time in the 
pyrolyzer. Because the arbitrarily specified nitrogen flow 
rate is not very large, only a small amount of additional sand 
must be used, and the effect on the volume is small. The 
effect of the temperature approach on the kiln volume is large 
because the kiln volume is affected by both the changed sand 
flow to the pyrolyzer from the varied nitrogen temperature, 
and also by the different temperature of the supply air 
stream. For a higher temperature approach, the recycle 
fraction must increase as just discussed. The total 
volumetric flow through the reactors is increased, and so 
pyrolyzer and kiln volumes increase. Because the supply air 
to the kiln is cooler, additional coke must be burned to 
provide the energy to heat it to reaction temperature. This 
higher coke conver~ion requires a greater kiln volume also. 
To make the temperature approach extremely small would 
minimize the reactor volumes, but might make the heat exchange 
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Figure 41. Pyrolyzer and kiln volumes versus temperature 
approach. 
120 
The use of the residual coke and bitumen to provide the 
energy to operate a thermal bitumen recovery system appears 
feasible. To supply the combustion energy to the pyrolyzer, a 
hot sand stream from the kiln that is roughly 4 to 5 times the 
size of the tar sand feed stream must be introduced with the 
feed. Considerable high quality energy remains in the hot 
clean waste sand, and might be used to generate steam. The 
pyrolyzer volume is fairly small, about 5 cubic meters, while 
the kiln volume is large, about 100 cubic meters. The large 
kiln volume is due to the low concentration of oxygen from the 
restrictions that only air be used as the oxygen source and 
that the kiln be operated at atmospheric pressure. 
The pyrolyzer volume was found to be affected little by 
the choice of air supply rate and the temperature approach in 
the heat exchangers, but the kiln temperature has a large 
influence. The kiln volume is affected considerably by the 
air supply rate, the kiln temperature, the particle size, and 
the temperature approach. 
2. Effects of Temperature Distributions in Particles 
It was thought that the assumption of temperature homogeneity 
for the tar sand particles in the two reactors was fairly 
good. For this to be valid, the tar sand particles would have 
to be small, and if they were not small when they entered the 
pyrolyzer, they would soon become so through attrition in the 
reactors. It had been observed that the particles become 
fairly brittle during pyrolysis, and they would easily break 
under the vigorous fluidizing conditions in the reactors. 
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Still, it was desired to find out if the combination of 
heat conduction into the particles and energy consumption by 
the endothermic cracking reaction would cause a discrepancy 
with the instantaneous heating assumption. Various studies 
have been done to find the extent of the temperature gradients 
in gas-solid systems for both solid catalyzed gaseous 
reactions and non-catalytic gas-solid reactions (Prater, 
1958; Luss and Amundson, 1969). These methods are not 
applicable to the present situation because they depend upon a 
controllinq diffusional resistance to describe the reaction 
rate. It is not known how limitation of the diffusion of 
bitumen cracking products through the tar sand matrix affects 
the bitumen decomposition rate. This limitation is used in 
the case of non-catalytic solid gas reactions to limit the 
heat source to the surface of a receding core of unreacted 
material, a situation for which no evidence exists in the 
cracking reaction of bitumen. 
A useful description of the cracking/heating problem 
involves the heat conduction equation with chemical reaction 
term, and the simultaneous mass balance for the reacting 
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The mass ratio of bitumen to pure sand, wb' is a function of 
both time and radius, as is temperature, T. The heat of 
reaction and thermal diffusivity were considered constant. 
The boundary and initial conditions are: 
wb = wb( r, t) (38) 
T=T(r,t) (39) 
0 
wb ( r, 0) = wb (40) 
T(r,O) =To (41) 
T(R,t) = Ts (42) 
!!.( 01 t) = 0 (43) 
at 
The condition of no gas film resistance to the transfer 
of heat (equation (42)) was thought to be reasonable for the 
highly fluidized pyrolysis reactor. 
This system of equations was solved numerically by Crank 
and Nicholson (1946), though for a first order reaction. The 
same method was used in this work to solve equations (36) and 
(37). The main feature of the method is the simultaneous 
solution of the equations by iterating between them for each 
time step. The process is described further below. 
The heat equation in finite difference form is: 
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C. •T. l "+l + A.•T .. l + B.•T.+l . l 1 1- ,J . 1 1,]+ 1 1 ,J+ 
=X. •T. 
1 
. + Y. •T .. + Z. •T.+l . 
1 1- ,J 1 1,] 1 1 ,J 
( i = 1 1 2 1 • • • 1 n-1) (44) 
The distance index is i and the time index is j. The 
coefficients A, B, C, X, Y, and Z depend upon the distance 
index and the distance and time increment sizes as follows: 
A. = 1 + ~ ( i = 2, 3, ... , n-1) 
1 
Bi = -~IJ + E ( i = 2, 3, ... , n-2) 
C. = ~ Q. - i1 ( i = 21 3 1 • • • 1 n-1) 
1-1 [i 2] 
X. = ~/2 
1 
Y. = 1-~ 
1 
z. = ~/2 
l. 
A = 1 + ~~ 1 3 
B =0 
n-1 
c = 0 1 
X = 0 1 
(i = 2,3, ... ,n-1) 
( i = 2 1 3 1 • • • 1 n-1) 
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where n is the number of radius increments and the quantity, 
a 1 is given by: 
a - aflt 
-(11r) 2 
The rate expression: 




equation (60), equation (37) may be written in finite 
difference form as follows: 
wb 1 i 1 j + 1 = wb 1 i I j -
(
-E ) 2 
A •exp ~ •wb . . 
0 RT ,~,J 
• At (61) 
Convergence is achieved in the solution of equations (44) and 
(61) by requiring that the changes in temperature and bitumen 
content at each mesh point satisfy equations (44) and (61) 
simultaneously. Both equations (44) and (61) contain a 
reaction rate term, though in equation (44) the term is 
multiplied by flH/C jp. It was decided to make the reaction 
p 
rate agree between equations ( 44) and ( 61) for each time step. 
_j 
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To start, an initial guess was made for the average 
reaction rate at each mesh point. Equation (44) was solved to 
find a new set of temperatures. Because equation (37) is 
separable, it was integrated to give: 
t+At tE~ -1 
wb i J.+ 1 = [ 1/wb .. + J A •exp ~·dtJ I I ,~,J t 0 R . ( 62) 
The temperature was assumed to vary linearly with time 
over the time step to evaluate the integral in equation (62). 
A constant temperature, taken from either the beginning or end 
of the time step would probably have worked, but this 
additional complexity was used in order to get convergence 
with a larger time step. The integral was evaluated with a 20 
point Simpson's rule and wb . . +1 was calculated. If equation I~ I J 
(37) is not separated before integrating, the following is 
found: 
wb . . 1 - wb . . = itt+At -Ao • exptREa\.w~ •dt 
,1,]+ ,~,J \--:;} 
(63) 
The quantity on the left of equation (63) is known from 




) • At ( 64) 
o \R-;} ave 
which is what is needed in equation (44). Thus, this value for 
the average reaction rate is used in equation ( 44) to again 
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solve for the T .. 1 . ~,J+ The wb . . 1 and average reaction rates ,~,]+ 
are calculated again. When no change is observed in the 
average reaction rates, the process is stopped and the current 
Ti .+ 1 and wb .. +1 are taken as correct. Calculations for ,J ,~,] 
the next time step proceed with the last value for the 
reaction rate as the new initial guess. 




~ p P \ RTj ~ ave 
(65) 
~H and Cp were taken as constant, and may be removed from 
the expression. The quantity p is the ratio of the mass of tar 
sand to the mass of pure sand, which must change with time as 
bitumen is consumed and coke is formed. This quantity was 
removed from the expression as its average. It may be written 
as 1+wb+wc. As wb and we are small compared to unity, and 
because they do not vary much over a time step as compared to 
the expression exp( -Ea/(RT)), p was removed from the 
expression (65) as Pave· This was calculated with the 
arithmetic average of wb and we over a time step, which is 
known because wb and we are known at the end of the time step 
from equation ( 62). A separate equation was not required for 
the coke content because of the constant stoichiometry 
assumed. The stoichiometry used here was bitumen forming 95% 
product and 5% coke. The effect on the results of using 90% 
product yield is thought to be i~significant. Because 100 
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parts of ·bitumen form 95 parts of product and 5 parts of coke, 
then: 
(66) 
Thus, p may be written as: 
(67) 
This method was found to converge as both the time and 
distance increments were made small. The iteration at each 
time step to force agreement in the reaction rates required 
·typically 3 or 4 cycles. The desired part of the solution was 
the average bitumen content in a particle. The sizes of 
incremen~s thought adequate to give accurate values of this 
quantity were a normalized radius increment of 0. 1 and a time 
step of 0. 001 minutes. 
The kinetic expression used was that found in this work 
for Asphalt Ridge sand. The heat of reaction was estimated 
from information given by Flynn et al. (1976) as previously 
described, and had a value of 86 calories/gram. From the work 
of Rajeshwar et al. (1979), and Karim and Hanafi (1979), the 
thermal diffusivity was calculated for AR tar sand and found 
-5 2 -4 2 to be in the range of about 4x10 m /min. to 3xl0 m /min. 
The value for thermal diffusivity of 5.6x10-5 m2/min. used in 
solving the heat equation is seen to be small. Thus, this is a 
worst case as far as developing thermal gradients is 
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concerned, and the temperature gradients in the actual tar 
sand will likely be less than indicated by the numerical 
results. 
Some calculated values of bitumen content are plotted 
versus time in Figures 42 and 43 for the cases of 
instantaneous heating of the entire particle, the heat 
equation solution with no reaction heat, and the heat equation 
solution with a reaction heat of 86 caljg. The particle 
diameter used in these figures was 1 em, which is about an 
order of magnitude larger than the size found necessary in the 
process calculations to minimize the limitation of the 
combustion rate by oxygen diffusion. It can be seen in Figure 
42 that the conduction of heat into the particle has an effect 
on the conversion out to a time of about 0.4 minutes and a 
bitumen content of 0. 015 g bi tumen/g pure sand ( 90% 
conversion). For conversions greater than 90%, where 
operation will likely occur, the assumption of instantaneous 
heating allows prediction of the conversion fairly well. It 
may also be seen that the effect of the endothermic reaction 
heat is negligible for any time of operation. 
In Figure 43, where a very small thermal diffusivity is 
used, the conduction of heat has a large effect on the 
reaction rate. The time to reach a bitumen content of 0. 015 g 
bi tumenjg pure sand is about 0. 3 minutes in the instantaneous 
heating case, and about 1.4 minutes where conduction is 
considered. The effect of reaction heat is again small, 
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Fiqure 42. Bitumen content of tar sand particle versus time 
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Figure 43. Bitumen content of tar sand particle versus time 
for three heating hi stories with a = 4. 78x 10 -G m2 /min. 
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conduction effects alone. The influence of heat conduction 
can be made significant by using an unrealistically small 
thermal diffusivity, but the heat of reaction still has little 
effect on the results. 
When a more realistic particle diameter of 0.1 em is 
. . used, the curves for heat conduction with heats of reaction of 
zero and 86 cal/g are essentially superimposed on the 
instantaneous heating curve. Thus, for a particle size that 
is necessary to suppress oxygen diffusion limitations in the 




The thermal decomposition data for Tar Sand Triangle tar 
sand can be presented fairly well by a power rate law which is 
second order in the .mass ratio of bitumen to pure sand. The 
activation energy was 16,600 caljg mol. Non-isothermal 
experiments with Asphalt Ridge tar sand gave data that could 
also be described fairly well by a second order rate law, 
having an activation energy for bitumen loss of 20,600 cal/g 
mnl _ 
The boiling point distribution of the products varied 
from light to heavy and then back to light with time in a 
furnace. This behavior is consistent with a change in 
mechanism during sample heat-up from vaporization to 
pyrolysis. Sulfur appears not to be significantly 
incorporated in the product from TST sand unless the reaction 
temperature is above about 470°C. Higher heating rates appear 
to give a lower boiling product, which contains less sulfur, 
arsenic, and nitrogen. 
Pyrolysis is thought to first occur at a significant rate 
at about 350°C, as the evolution of the light products of 
pyrolysis commenced strongly at this temperature. 
The process of freezing and crushing tar sand creates 
particles that have a higher bitumen content in the small 
sizes than in the large ones. This may be due to preferential 
cracking of the frozen bitumen over the bonds holding the sand 
matrix together. Within the accuracy of the data, it could 
not be concluded that particle size was a factor in the rate of 
133 
weight loss of heated tar sand. This is reasonable 
considering the small particles used, and the large volume 
change of the bitumen upon heating. 
A process for bitumen pyrolysis and the subsequent 
combustion of the coke was developed and analyzed. The mass 
and energy balances were· solved and the reactor volumes were 
calculated for reasonable descriptions of tar sand 
characteri sties. The process was found to be operable using 
coke combustion heat as the only energy source. Approximately 
80% of the spent sand was required to be recycled to the 
pyrolyzer to provide this energy source. The pyrolyzer and 
kiln volumes were about 5 and 100 cubic meters, respectively, 
the kiln volume being particularly sensitive to the choices of 
temperature, air supply, and particle size. The assumption of 
instantaneous heating of the tar sand in the reactors was 
verified by solution of the coupled heat conduction and mass 
balance equations for a single particle, using an iterative 
finite difference method. 
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NOMENCLATURE 
A - element of tridiagonal finite difference matrix. 
AR - Asphalt Ridge tar sand. 
A
0 
- Arrhenius factor, mass pure sand/mass bi tumenjminute. 
B - element of tridiagonal finite difference matrix. 
b - temperature fitting function parameter, 1/min. 
c - concentration, 3 kg moljm ; element of tridiagonal 
finite difference matrix. 
C - heat capacity of tar sand, caloriesjg tar sand/°C. 
p 
De - effective diffusivity of oxygen in tar sand, m
2
;min. 
E(8) - residence time distribution. 




(x)= exponential integral of x. 
H(T) - enthalpy at temperature T, kcaljkg; Tin °C. 
flH - enthalpy change of reaction, kcaljkg. 
k - rate constant of reaction, same units as A . 0 
m - mass flow rate, kg/min. 
n - reaction order, dimensionless. 
R - universal gas constant; particle radius, m; 
coefficient of statistical fit. 
r - radius, m. 
flr - radius increment in finite difference method. 
T - temperature, units specified. 
TST - Tar Sand Triangle tar sand. 
t - time, minutes. 
flt _ time increment in finite difference method. 
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w = mass ratio of subscript quantity to bitumen-free sand; 
mass fraction in stream. 
X - coefficient of i-lth, jth temperature. 
x - conversion. 
Y - coefficient of ith, jth temperature. 
Z - coefficient of i+lth, jth temperature. 
Superscripts 
o - initial conditions. 
s - conditions at particle surface. 
Subscripts 
ave = average over a time increment; average over reactor 
output. 
a - air. 
b - bitumen. 
c - coke. 
C02 - carbon dioxide. 
f - final. 
i - distance increments from center of particle. 
j - time increments from initial time. 
k - kiln. 
n _ number of radius increments; pertaining to the nth 
radius increment from the particle center. 
N2 - nitrogen. 
02 - oxygen. 
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p - pyrolyzer; product oil. 
s - pure (bitumen- and coke-free) sand. 
t - tar sand. 
1 - entering the pyrolyzer. 
2 - leaving the pyrolyzer, entering the kiln. 
3 - leaving the kiln. 
Greek Letters 
a - thermal diffusivi ty, m
2 /min. 
- af1t/(f1r) 2 . 
- dimensionless particle radius, r/R. 
- Thiele modulus. 
p - density, kgjm
3 ; mass ratio of tar sand to pure sand= 
Pt/Ps· 
-r - mean residence time. 
e - dimensionless time. 
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Table VIII. Data For Tar Sand Triangle Tar Sand At 343°C 
(Product = total vaporized material from sample, Fraction 1 = 
product in the +100°C boiling region, Fraction 2 =product in 













Bitumen Product Fraction 1 Fraction 2 
Converted . Yield Yield Yield 
mas s 1mass of bitumen originally present 
0.561 0.150 0.0254 0.0383 
0.505 0.205 0.0204 0.0287 
0.670 0.172 0.0301 0.0346 
0.588 0.205 0.0545 0.0768 
0.682 0.176 0.0773 0.0409 
0.664 0.255 0.0678 0.0354 
0.718 0.356 0.0651 0.0815 
0.613 0.287 
0.523 0.188 














Table IX. Data For Tar Sand Triangle Tar Sand At 468°C 
(Product= total vaporized material from sample, Fraction 1 = 
product in the +100°C boiling region, Fraction 2 =product in 



















Product Fraction 1 ,Fraction 2 
Yield Yield Yield 
massjmass of bitumen originally present 
0.873 0.452 0.0980 0.0217 
0.895 0.536 0.111 0.155 
0.441 0.104 0.152 
0.929 0.518 0.113 0.0295 
0.906 0.532 0.0936 0.0824 
0.627 0.0972 0.167 
0.952 0.491 0.0667 0.125 
1.000 0.588 0.0553 0.219 
0.956 0.641 0.177 0.158 
0.778 0.495 0.0836 0.122 
0.979 0.578 0.234 0.129 
0.974 0.557 0.150 0.172 
0.937 0.511 0.0955 0.102 
0.933 0.590 0.109 0.109 


















Table X. Data For Tar Sand Triangle Tar Sand At 593°C (Product 
= total vaporized material from sample, Fraction 1 = product 
in the +100°C boiling region, Fraction 2 = product in the 
















Product Fraction 1 Fraction 2 
Yield Yield Yield 
mass/mass bitumen ori.ginally present 
0.927 0.582 0.0256 0.0704 
0.963 0.477 0.0272 0.0787 
0.931 0.543 0.0950 0.0608 
0.912 0.576 0.0196 0.0536 
0.975 0.534 0.0470 0.105 
1.000 0.506 0.0506 0.0739 
0.979 0.537 0.0500 0.120 
0.949 0.696 0.0996 0.0286 
1.000 0.624 0.0905 0.0593 
0.857 0.605 0.0224 0.0884 














Table XI. Data For Asphalt Ridge Tar Sand (Product 1 = tot~l vaporized 
material from sample, Product 2 =product in +38°C boiling region). 
No. Sample Furnace Time 
Temp. 
g oc min. 
1 7.9233 538 2 
2 8.4847 538 2 
3 8.5776 538 2 
5 5.7336 929 1.93 
7 8.6004 538 1 
8 8.7111 649 1.06 
9 8.6154 649 1 
10 8.7867 649 1 
11 8.3224 649 1 
12 8.4788 649 1 








mass/mass of original bitumen 
0.436 0.415 0.0793 
0.282 0.419 0.129 
0.376 0.458 0.0700 
0.988 0.959 0.0935 
0.308 0.130 0.108 
0.468 0.428 0.163 
0.473 0.433 0.130 
0.339 0.391 0.112 
0.482 0.386 0.153 
0.509 - 0.179 
















Table XI. Data For Asphalt Ridge Tar Sand (Product 1 = total vaporized 
material from sample, Product 2 =product in +38°C boiling region). 
No. Sample Furnace 
Temp. 
g oc 
14 8.5394 538 
15 8.4342 538 
16 8.6995 538 
17 8.5009 538 
18 8.5167 538 
19 8.4986 538 
20 8.4454 538 
22 8.5883 538 
23 8.4661 538 




















mass/mass of original bitumen 
0.794 0.795 0.216 
0.877 0.778 -
0.887 0.807 -
0.980 0.872 0.547 
0.999 0.864 0.608 
0.998 0.867 0.455 
0.997 - 0.440 
0.903 - 0.349 
0.946 0.793 0.458 
















Table XI. Data For Asphalt Ridge Tar Sand (Product 1 = total vaporized 
material from sample, Product 2 =product in +38°C boiling region). 
No. Sample Furnace 
Temp. 
g oc 
25 8.5634 538 
26 25.671 705 
27 14.987 705 
28 15.008 705 
29 14.987 705 
31 14.998 593 
32 15.002 593 
33 15.009 593 
34 15.005 593 




















massjmass of original bitumen 

























Table XI. Data For Asphalt Ridge Tar Sand (Product 1 =total vaporized 






























Product 1 Product 2 
Yield Yield 



























Table XI I. Data From Temperature Historie·s of Non-isothermal Study of 
Asphalt Ridge Tar Sand Pyrolysis Kinetics. 
Run No. f1t Temperature (K) 
min. Of1t ' lf1t 2f1t 3f1t 4f1t 5f1t 6f1t 7f1t SAt 
1 0.25 296 344 405 460 511 556 598 630 658 
2 0.25 296 373 463 523 583 623 660 685 709 
3 0.25 296 364 454 518 582 624 664 696 718 
5 0.25 296 566 827 957 1090 1134 1149 1158 1159 
7 0.125 296 331 372 390 440 484 516 548 574 
8 0.125 296 330 374 420 472 519 560 598 644 
9 0.125 296 330 377 427 478 521 564 608 630 
10 0.125 296 334 390 448 505 552 596 632 662 
11 0.125 296 332 385 436 493 544 588 628 658 






Table XII. Data From Temperature Histories of Non-isothermal Study of 
Asphalt Ridge Tar Sand Pyrolysis Kinetics. 
Run No. At Temperature (K) 
min. OAt lAt 2At 3At 4At SAt 6At 7At BAt 
13 0.375 296 404 507 589 643 682 706 730 745 
14 0.375 296 387 490 575 633 679 707 733 747 
15 0.375 296 386 484 569 624 666 693 714 731 
16 0.375 296 379 478 553 605 646 671 689 701 
17 0.5 296 428 558 646 700 737 756 772 785 
18 0.5 296 400 510 593 638 674 697 708 722 
19 0.5 296 379 480 557 610 646 667 687 699 
20 0.625 296 432 557 629 664 691 705 720 726 
22 0.3125 296 327 416 478 559 639 671 687 705 






Table XII. Data From Temperature Histories of Non-isothermal Study of 
Asphalt Ridge Tar Sand Pyrolysis Kinetics. 
Run No. At Temperature (K) 
min. OAt 1At 2At 3At 4At SAt 6At 7At SAt 
24 0.3125 296 341 418 474 551 631 670 687 705 
25 0.3125 296 324 401 452 494 551 603 634 642 
26 0.125 296 327 370 417 458 507 652 684 700 
27 0.125 296 320 359 396 422 464 538 688 713 
28 0.125 296 312 360 409 446 503 678 710 733 
29 0.125 296 316 345 391 418 462 495 678 704 
31 0.1938 296 327 391 436 480 626 689 709 721 
32 0.2188 296 322 388 436 485 654 697 710 721 
33 0.2088 296 319 384 431 474 562 688 709 721 
34 0.1513 296 314 347 387 423 452 480 563 721 





Table XII. Data From Temperature Histories of Non-isothermal Study of 
Asphalt Ridge Tar Sand Pyrolysis Kinetics. 
Run No. ~t Temperature (K) 
min. O~t 1~t 2~t 3~t 4~t 5~t 6~t 7~t 8~t 
36 0.0725 296 311 330 363 392 427 457 492 778 
37 0.0888 296 319 364. 400 497 554 769 803 816 
38 0.0663 296 312 332 371 402 428 454 488 761 
39 0.0263 296 307 318 345 365 389 410 511 780 
40 0.0275 296 308 314 330 339 360 373 441 771 
41 0.0263 296 301 309 326 334 353 371 539 792 
42 0.025 296 302 308 314 322 329 340 557 787 
43 0.02 296 308 313 319 324 331 338 674 803 
44 0.025 296 301 305 314 316 320 326 602 762 
45 0.10 296 304 333 369 458 507 599 678 772 





Table XI I I. Bitumen and Coke Assays for Tar Sand Triangle and 
Asphalt Ridge Tar Sands. 
Sand Type Runs Where Used % Bitumen % Coke 
TST(<14mesh) all kinetics 13.08 1.74 
AR(3/4 mesh) 1-25 13.35 0.472 
AR(3/4 mesh) 26-40 12.77 0.489 
AR(3/4 mesh) 40-46 12.95 0.667 
Table XIV. Weight Loss Data for Different Particle Size 
Samples of Tar Sand Triangle Tar Sand at 388°C. 
Time Nitrogen Flow Mesh Size Percent Weight Loss 
min. mL/min. 
1 500 30/35 1.32, 1.48 
100/140 1.21, 1.45 
1 100 3/4 0. 30 
30/35 1.55, 1.57, 1.60 
100/140 1.19 
2 500 3/4 0.792, 0.810, 
0.813, 0.937 
30/35 2.15, 3.19, 3.70 
100/140 2.48, 3.02 
2 100 3/4 1.01 
30/35 2.59 
3 500 3/4 1.08, 1.27, 
1.40, 1.55 
30/35 3.39 
100/140 3.12, 3.39 
3 100 3/4 1.01 






Table XIV. Weight Loss Data for Different Particle Size 
. 0 
Samples of Tar Sand Triangle Tar Sand at 388 C. 
Time Nitrogen Flow Mesh Size Percent Weight Loss 
min. mL/min. 
5 500 3/4 1.52, 2.31, 1. 26, 
1.32, 1.18, 1.49, 
1.26, 1.20, 1.51, 
1.37, 1.30, 1.18 
.30/35 . 3.45, 3.49, 3.76, 
3.58, 3.63, 3.74 
100/140 3.24, 3.43, 
3.71, 3.91 
5 100 3/4 1.26, 1.35, 1.41, 
1.36, 1.44, 1.45 
30/35 4.19, 3.59, 3.45 
3.86, 3.35, 3.72, 
4.00 




Table XIV. Weight Loss Data for Different Particle Size 
Samples of Tar Sand Triangle Tar Sand at 388°C. 
Time Nitrogen Flow Mesh Size Percent Weight Loss 
min. mL/min. 
10 500 3/4 1.91, 2.69, 2.09, 
2.88, 2.82, 1.87 
30/35 3.49, 3.52, 4.15, 
4.03, 4.61 
100/140 3.97, 4.48 
10 100 100/140 4.34, 4.48 
15 500 3/4 2.33, 1.92 
2 o 621 2.31 
100/140 4.96, 5.28 
15 100 3/4 2.03, 2.09, 1.87 




Table XIV. Weight Loss Data for Different Particle Size 
Samples of Tar Sand Triangle Tar Sand at 388°C. 
Time Nitrogen Flow Mesh Size Percent Weight Loss 
min. rnL/rnin. 
30 500 3/4 2.45, 1.99, 
2.60, 3.08 
30/35 4.80, 5.09, 
4.81, 5.08 
100/140 5.67, 5.77 
30 100 3/4 1.87, 2.79, 2.37 
30/35 4.83 
100/140 4.69, 4.87 
so 100 3/4 2.73 
30/35 5.95 
100/140 5.75 
60 500 3/4 2.40, 3.03 
30/35 5.91, 6.01 
100/140 5.63, 6.04 




C PROGRAM FLUID SOLVES THE COUPL~~ MAS~ ~ND ENERGY 
C BALANCES FOR THE PYROLYSIS PRoC~GS V~GCRIBED IN 
C THE TEXT AND THEN CALCULATES Ta~ REQuiRED REACTOR 
C VOLUMES FOR THAT SOLUTION 
IMPLICIT REAL*8(A-H,M,O-Z) 
COMMON COMBK,DE,RAD,WBl,WCl,?YRK,C02,RHOS 












C MN2=MASS FLOW RATE OF NITROGE~ !N ?~ODUCT LOOP(KG/MIN.) 
MN2=400. 
C MSl=MASS FLOW RATE OF PURE SANb To ~~ROLYZER(KG/MIN.) 
MSl=lOOO. 
C TSl=TEMP. OF TAR SAND FEED(DgGReEs C) 
TS1=25. 
C RHOS=MASS DENSITY OF PURE SAND(KG PuRE SAND/M**3) 
RHOS=2.D3 
C DE=EFFECTIVE DIFFUSIVITY OF O~yGEN rN TAR SAND 
C PARTICLE(M**2/MIN) 
DE=3.D-5 
C HEATCO=HEAT OF COMBUSTION REfo~~ION(CAL./G COKE) 
HEATCO= 7750. 
C HEATPY=HEAT OF PYROLYSIS REAC~rON(~~LjG BITUMEN) 
HEATPY=86. 
C ACOMB=ARRHENIUS FACTOR FOR RA~e CO~GlANT ~OR 
C COMBUSTION(M**3/KGMOL COKE/Ml~) 
160 
ACOMB=1.7Dll 
C EACOMB=ACT. ENERGY FOR RATE CONSTANT FOR COKE 
C COMBUSTION(CAL/GMOL) 
EACOMB=38000. 
C EAPYR=ACT. ENERGY FOR RATE CONSTANT FOR 
C PYROLYSIS(CAL/GMOL) 
EAPYR=20600. 
C APYR= ARRHENIUS FACTOR FOR RATE CONSTANT FOR 
C PYROLYSIS(G PURE SAND/G BITUMEN/MIN.) 
APYR=l. 2D8 
C Rl=PROPORTION OF SAND FROM KILN RECYCLED TO PYROLYZER 
C WC3=MASS AVE COKE MASS RATIO IN SAND LEAVING KILN 
C MA4=PURGE AIR MASS FLOW RATE(KG/MIN) 
C W02=MASS FRACTION OF OXYGEN IN GAS IN KILN 
C WC02=MASS FRACTION OF CARBON DIOXIDE IN GAS IN KILN 
C WN2=MASS FRACTION OF NITROGEN IN KILN GAS 
C TS2~TEMPERATURE OF PYROLYZER AND STREAMS 
C LEAVING IT(DEGREES C) 
TS2=500. 
PYRK=APYR*DEXP(-EAPYR/1.987/(TS2+273.)) 
C APPR=TEMPERATURE APPROACH WHEN HEATING SUPPLY 
C AIR AND NITROGEN IN PRODUCT LOOP 
APPR=lOO.O 
WC3=0.001 
C MAl=MAKE-UP AIR(KG/MIN.) 
MAl=SOO. 
C RAD=AVE PARTICLE RADIUS(METERS) 
RAD=O.OOOS 
C TS3=TEMP. OF KILN AND STREAMS LEAVING IT(DEGREES C) 
TS3=600. 
C WBl=BITUMEN CONTENT IN TAR SAND FEED(G BIT/G PURE SAND) 
WBl=O.lSl 
C WCl=COKE CONTENT IN TAR SAND FEED(G COKE/G PURE SAND) 
WCl=WBl/13. 
C FINAL BITUMEN CONTENT IS (I-CONVERSION) TIMES 




C STOICHIOMETRY: 1 BITUMEN GIVES 0.90 PRODUCT 
WP=0.90*(WB1-WB2)/MN2*MS1 
C STOICHIOMETRY: 1 BITUMEN GIVES 0.10 COKE 
WC2=0.10*(WB1-WB2)+WC1 
WRITE(6,121) WBl,WCl,WB2,WC2,WP 
121 FORMAT(lX, 'WBl=' ,Dll.4,' WCl=' ,Dll.4,' WB2=' I 
& Dl1.4,' WC2=' ,Dll.4,' WP=' ,D11.4) 
WRITE(6,122) MAl,MN2,RAD,TS2,TS3 
122 FORMAT(lX, 'MAl=' ,Dll.41' MN2=' 1011.41' RAD=' I 
& D11.41' TS2=' I D11.4,' TS3=',D11.4) 
WRITE(6,123) APPR 
123 FORMAT(1X, 'APPROACH=' ,012.5) 
110 WRITE(6 185) WC3 




DO 19 I=1 1100 
D=D/2. 
TEMP=R1+D 
IF(TEMP.LT.O.OR.TEMP.GT.l.O) GOTO 19 






IF(DABS(DEL/Rl).GT.lD-5) GOTO 130 
C TOTAL MASS BALANCE ON KILN 
.MA4=MS1 * (WB2+WC2-WC3) +MAl 
C CARBON DIOXIDE BALANCE ON KILN 
WC02=-44./12.*(WC3-WC2-WB2)*MS1/MA4 









DO 29 1=1,100 
D=D/2. 
TEM=WC3+D 
IF(TEM.LT.O.OR.TEM.GT.(WB2+WC2)) GOTO 29 




81 FORMAT(1X,· 'NO OF STEP HALVINGS EXCEEDED') 
STOP 
31 WC3=TEM 
IF(DABS(DEL/WC3).GT.1D-5) GOTO 150 
WRITE(6,91) WC3 
91 FORMAT(1X,'WC3=' ,D12.5) 
IF(DABS(.(WC3-RTEM)/WC3) .GT.1D-5) GOTO 110 
160 WRITE(6,170)R1,WC3,MA4,W02,WC02 
170 FORMAT(1X, 'R1=' ,D12.5,' WC3=' ,012.5, I MA4=', 
& D12.5, I W02=' ,012.5, I WC02=',D12.5) 





111 FORMAT(1X, 'SURPLUS ENERGY=' ,012.5, 'KCAL/MINUTE') 
c 





112 FORMAT(1X, 'VOL FOR RCTR WITH PFR RTD IS ' 
&. D12.5,' M**3') 
C FIND OXYGEN CONCENTRATION IN KILN FROM MASS FRACTIONS 
C02=W02/32./(W02/32.+WC02/44.+WN2/28.) 
&. /0.08206/(TS3+273.) 
C FIND RATE CONSTANT FOR COKE COMBUSTION 
COMBK=ACOMB*DEXP(-EACOMB/1.987/(TS3+273.)) 
C FIND EFFECTIVE COKE ENTERING KILN 
WB=WB2+WC2 
c 
C NEWTON-RAPHSON ROUTINE TO FIND KILN VOLUME IF PFR 
C RTD IN KILN AND SINGLE ENTERING COKE CONCENTRATION 








DO 77 I=1,100 
D=D/2. 
TEM=TAU2+D 
IF (TEM.LT.O.O.OR.TEM.GT.lOOO.) GOTO 77 






IF(DABS(DEL/TAU2).GT.1D-5) GOTO 73 
V2=TAU2*MS1/(1.-Rl)/RHOS 
WRITE(6,114) V2 
114 FORMAT(1X,'KILN VOLUME FROM PFR RTD IS' 
&. D12.5,' M**3, PFR RTD IN PYROLYZER') 
164 
C NEWTON-RAPHSON ROUTINE TO FIND PYROLYZER VOLUME 
C FOR CSTR PYROLYZER RTD 







DO 63 I=1,100 
D=D/2. 
TEM=TAU1+D 
IF(TEM.LT.O.OR.TEM.GT.SO.) GOTO 63 






IF(DABS(DEL/TAU1).GT.1D-5) GOTO 59 
V1=MS1/(1.-R1)/RHOS*TAU1 
WRITE(6,117) V1 
117 FORMAT(1X, 'VOL FOR RCTR WITH CSTR RTD IS ' 
&. D12.5, I M**3') 
C NEWTON-RAPHSON ROUTINE TO FIND KILN VOLUME 
C FOR PFR KILN RTD AND DISTRIBUTION OF 












IF (TEM.LT.O.O.OR.TEM.GT.lOOO.) GOTO 177 
IF (DABS(WC3-CONVl(TEM,TAUl)).GT.DABS(A)) 
& GOTO 177 
GOTO 178 




IF(DABS(DEL/TAU2).GT.lD-5) GOTO 173 
V2=TAU2*MS1/(l.-Rl)/RHOS 
WRITE(6,154) V2 
154 FORMAT(lX, 'KILN VOLUME FROM PFR RTD IS ' 
& 012.5,' M**3, CSTR RTD IN PYROLYZER') 
C NEWTON-RAPHSON ROUTINE TO FIND KILN VOLUME FOR CSTR 






DO 51 I=l,lOQ 
D=D/2. 
TEM=TAU2+D 
IF(TEM.LT.O.OR.TEM.GT.1000.) GOTO 51 












118 FORMAT(1X, 'KILN VOLUME FROM CSTR RTD IS ' 
& D12.5,' M**3') 
STOP 
END 
C CONV USES A SERIES REPRESENTATION OF THE EXPONENTIAL 
C INTEGRAL TO GIVE THE MEAN OUTLET CONCENTRATION 
C FOR A SECOND ORDER REACTION IN A SEGREGATED 









DO 19 I=2,100 
TERM=TERM*(-A)/I/I*(I-1) 
SUM=SUM+TERM 






C CONVl GIVES THE FINAL COKE CONTENT FOR TAR SAND 
C LEAVING A CSTR PYROLYZER WITH A DISTRIBUTION OF 








C INTEGRATE OVER TIME FROM ZERO TO NTAU RESIDENCE TIMES 
NTAU=S 
C MINIMUM EFFECTIVE COKE CONTENT FOR TOTAL BITUMEN 
C CONVERSION IN PYROLYZER 
WMIN=O.l*WB1+WC1 
DELTH=NTAU*TAU1/NN 














C CONV2 GIVES THE FINAL AVERAGE COKE CONTENT 
C FOR TAR SAND FROM A CSTR COKER ENCOUNTERING 




C FIND MAXIMUM COMBUSTION TIME REQUIRED 
NN=20 
NF=NN-1 
C CALCULATE COKE CONCENTRATION (GMOL/M**3) 
CSO=(WB1+WC1)/12.*RHOS 










DO 90 I=1,NF 
ZZ=I*DELTH/TAU2 











C FUNCTION COKE RETURNS THE COKE CONTENT FROM A 
C DESCRIPTION, DIFFUSION AND/OR REACTION LIMITED, 




C FNEM(EM) IS THE IMPLICIT FUNCTION OF 
C COKE RADIUS (STAGE TWO), OXYGEN 




C CSO IS THE COKE CONCEN. OF SAND ENTERING 
C THE KILN(GMOL/M**3) 
CSO=WB/12.*RHOS 
C PHI IS THE THIELE MODULUS 
169 
PHI=RAD*DSQRT(COMBK*CSO/DE) 
C TE IS THE TIME AT WHICH THE SURFACE COKE 
C CONCENTRATION DROPS TO ZERO 
. TE=1./COMBK/C02 
IF(TIME.GT.TE) GOTO 10 




C NEWTON-RAPHSON SOLUTION OF FNEM(EM) 
C TO GIVE COKE RADIUS 
10 EM=0.5 
TMAX=(1.+PHI**2/6.)/COMBK/C02 




DO 19 I=1,20 
D=D/2. 
TEM=EM+D 
IF(TEM.LE.O.OR.TEM.GE.1.0) GOTO 19 









IF(EM.LT.1D-5) GOTO 85 








C HA IS THE TEMPERATURE-DEPENDENT ENTHALPY OF AIR 












C ENTHALPY FUNCTION FOR TAR SAND RELATIVE TO 








C ENTHALPY FUNCTION FOR OXYGEN GAS RELATIVE TO 








C ENTHALPY FUNCTION FOR NITROGEN GAS RELATIVE 









C ENTHALPY FUNCTION FOR CARBON DIOXIDE GAS RELATIVE 









C ENTHALPY FUNCTION FOR PRODUCT OIL VAPOR RELATIVE 








C PROGRAM HEATR USES THE CRANK-NICOLSON IMPLICIT 
C FINITE DIFFERENCE METHOD WITH ITERATION ON 
C EACH TIME STEP TO SOLVE THE COUPLED HEAT 
C CONDUCTION EQUATION AND MASS BALANCE ON THE 
C REACTING COMPONENT FOR AN ENDOTHERMIC SECOND 
C ORDER CHEMICAL REACTION IN A SPHERICAL PARTICLE 
C BEING HEATED BY CONDUCTION. THE OPTION IS 
C GIVEN OF SOLVING THESE EQUATIONS SEQUENTIALLY 
C INSTEAD OF SIMULTANEOUSLY 
IMPLICIT REAL*8(A-H,O-Z) 
C A, B, C, AND D ARE VECTORS OF COEFFICIENTS IN THE 
C TRIDIAGONAL FINITE DIFFERENCE MATRIX 
C W, S, AND Q ARE SCRATCH VECTORS FOR THE 
C TRIDIAGONAL SYSTEM SOLVER 
C T AND WB ARE THE VECTORS OF TEMPERATURE AND BITUMEN 
C CONTENT RESPECTIVELY(DEG C AND G BITUMEN/G PURE SAND) 
C TNEW AND WBNEW ARE THE TEMPORARY VECTORS FOR 
C NEWLY CALCULATED TEMPERATURES AND BITUMEN CONTENTS 
C HEAT IS THE VECTOR OF REACTION RATE TERMS IN THE 





C INITIAL CONDITIONS OF TEMPERATURE, TIME, 
C BITUMEN, AND REACTION RATE 
DATA T,TIME,WB,HEAT/40*25.,0.0, 
& 40*0.15,40*1.D-10/ 
C TIME AND RADIUS INCREMENTS AND PHYSICAL PARAMETERS 












=TIME INCREMENT (MIN.) 
= DIM'LESS RADIUS INCREMENT 
HEAT CAPACITY OF TAR SAND (CAL/G/DEG C) 
ACTIVATION ENERGY FOR PYROLYSIS (CAL/GMOL) 
173 
C R = UNIVERSAL GAS CONSTANT(CAL/GMOL/DEG C) 
C HPY = ENTHALPY CHANGE OF PYROLYSIS (CAL/G) 
C AO = PREEXPONENTIAL FACTOR FOR PYROLYSIS 
C (G ·PURE SAND/G BITUMEN/MIN.) 
C BOUNDARY CONDITIONS AT THE PARTICLE SURFACE AND CENTER 
DATA TS,WBS,TC,WBC/500.,0.15,25.,0.15/ 
C MAXIMUM NUMBER OF RADIUS INCREMENTS 
NMAX=40 
c NUMBER OF RADIUS INCREMENTS, MUST AGREE 
c WITH DELR FOR NORMALIZED RAD OF 1. 
N=10 
c NUMBER OF TIME STEPS BETWEEN OUTPUTS 
NN=50 
c RADIUS OF PARTICLE(METERS) 
RAD=0.001 





13 FORMAT(1X, 'DELR=' ,D12.5,2X,'ALPHA=' ,D12.5,2X, 
& 'RAD=' ,011.4 
c 
C OUTPUT FORMAT FOR 10 RADIUS INCREMENTS 
& /1X,2X, 'ODELR 1DELR 2DELR 3DELR 4DELR ' 
& '5DELR 6DELR 7DELR 8DELR 9DELR SURFACE') 
c 
C OUTPUT FORMAT FOR 20 RADIUS INCREMENTS 
C & j1X,2X, 'ODELR 2DELR 6DELR 
C & '10DELR 14DELR 18DELR SURFACE') 
c 
C OUTPUT FORMAT FOR 40 RADIUS INCREMENTS 
C & /1X,2X, 'ODELRO 4DELRO 12DELRO 




C LABELS FOR DIFFERENT PARAMETER CHOICES 
C 33 FORMAT(1X,'NO REACTION HEAT') 
33 FORMAT(1X,'HEAT OF REACTION =86 CAL/G') 
C 33 FORMAT(1X, 'EXOTHERMIC REACTION, DELH=-86CAL/G') 
WRITE(6,34) 
C LABELS FOR DIFFERENT SOLUTION CHOICES 
34 FORMAT( 1X, 'TIME STEP ITERATION')' · 
C 34 FORMAT(1X,'SEQUENTIAL SOLUTION') 
c 




DO 20 I=2,K 
C A IS THE VECTOR OF MAIN DIAGONAL ELEMENTS 
A(I)=BETA+l. 
C C IS THE VECTOR OF FIRST LOWER DIAGONAL ELEMENTS 
C(I-1)=(1./I-O.S)*BETA 
c 
C USED IF SEQUENTIAL SOLUTION WITH REACTION HEAT 
C HEAT(I)=HPY/CP*WB(I)*WB(I.)*AO 
C & *DEXP(-EA/R/(T(I)+273.))/(.95*WB(I) 
c & +1.0275) 
c 
IF(I.EQ.K) GOTO 20 
C B IS THE VECTOR OF FIRST UPPER DIAGONAL ELEMENTS 
B(I)=-(O.S+1./I)*BETA 


















C USED IF NO RATE EQUATION IS TO BE INTEGRATED 
C GOTO 51 
c 
C SIMPSON'S RULE INTEGRATION OF RATE EQUATION 
C FOR LINEAR TIME VARIATION OF TEMPERATURE 
DO 30 I=1,K 
SUM=DEXP(-EA/R/(T(I)+273.)) 
& +DEXP(-EA/R/(TNEW(I)+273.)) 






& +T(I)/20.+273~ ))) 
C THREE CHOICES OF TEMPERATURE USED 
C TO INTEGRATE RATE EQUATION 
C INTEGRATE RATE EQUATION AT TEMPERATURE 
C AT START OF TIME STEP 
C WBNEW{I)=1./(1./WB{I)+AO 
& *DEXP(-EA/R/(T(I)+273.))*DELT) 
C INTEGRATE RATE EQUATION WITH TEMPERATURE 
C AT END OF TIME STEP 
C WBNEW{I)=1./(1./WB{I)+AO 
& *DEXP{-EA/R/(TNEW(I)+273.))*DELT) 
C INTEGRATE RATE EQUATION WITH LINEAR TEMP 
C VARIATION OVER TIME STEP 
176 
WBNEW(I)=l./(1./WB(I)+AO*SUM) 
30 IF(WBNEW(I).LT.O.O) WBNEW(I)=O.O 
c 
C USED IF INTEGRATION IS SEQUENTIAL 
C GOTO 48 
c 
KFLAG=O 
C CALCULATE HEAT2 VECTOR WITH CHANGE IN WB'S 
DO 55 J=l,K 
HEAT2(J)=HPY*(WB(J)-WBNEW(J))/CP/(0.475 
& *(WB(J)+WBNEW(J))+l.0275) 
C IF ANY ELEMENT OF HEAT2 HAS CHANGED, ITERATE AGAIN 
55 IF(DABS((HEAT2(J)-HEAT(J))/HEAT(J)) 
& .GT.lD-6) KFLAG=l 
IF(KFLAG.EQ.O) GOTO 48 
C IF HEAT2 CHANGED USE IT AS NEXT GUESS FOR HEAT 
CALL VECEQ(HEAT2,HEAT,K,NMAX) 
GOTO 12 
C IF HEAT HAS NOT CHANGED, THEN T AND WB ARE CORRECT 
48 CALL VECEQ(TNEW,T,K,NMAX) 
CALL VECEQ(WBNEW,WB,K,NMAX) 
C FIND NEW SURFACE BITUMEN CONTENT 
39 WBS=l./(l./WBS+AO*DEXP(-EA/R/(TS+273.))*DELT) 
IF(WBS.LT.O.O) WBS=O.O 
C CALCULATE NEW CENTER TEMPERATURE 
TCNEW=(4*T(l)-T(2))/3. 
SUM=DEXP(-EA/R/(TC+273.))+DEXP(-EA/R/(TCNEW+273.)) 







C INTEGRATE RATE EQUATION WITH LINEAR TEMP 






C SIMPSON'S RULE INTEGRATION OVER PARTICLE VOLUME 
C TO GIVE AVERAGE BITUMEN CONTENT 
L=N-3 





C USED IF NO RATE EQUATION IS TO BE INTEGRATED 
C 51 CALL VECEQ(TNEW,T,K,NMAX) 
c 
MM=TIME/DELT/NN 
IF((TIME/DELT/NN).NE.MM) GOTO 90 
WRITE(6,70) TIME,CONV,DELT 
70 FORMAT(lX, 'TIME=',D12.5,' MIN 
& D12.5,' DELT=' ,D12.5) 
BITU=' I 
C OUTPUT FORMATS FOR DIFFERENT NOS. OF RADIUS INCREMENTS 
C FOR 10 RADIUS INCREMENTS 
WRITE(6,60) TC,(T(I),I=1,9,2),TS,(T(I),I=2,8,2), 
& WBC,(WB(I),I=1,9,2),WBS,(WB(I),I=2,8,2) 
C FOR 16 RADIUS INCREMENTS 
C WRITE(6,60) TC,(T(I),I=1,13,3),TS, 
C & WBC,(WB(I),I=l,13,3),WBS 
C FOR 20 RADIUS INCREMENTS 
C WRITE(6,60) TC,(T(I),I=2,18,4),TS, 
C & WBC,(WB(I),I=2,18,4),WBS 
C FOR 40 RADIUS INCREMENTS 
C WRITE(6,60) TC,(T(I),I=4,28,8),T(39),TS,WBC, 













C FIND THE NEW T VECTOR WITH MATRIX DECOMPOSITION 
c solution of TRIDIAGONAL SYSTEM OF LINEAR EQUATIONS 
c A IS THE VECTOR OF MAIN DIAGONAL ELEMENTS 
c B IS THE· VECTOR OF FIRST SUPERDIAGONAL ELEMENTS 
c c IS THE VECTOR OF THE FIRST SUBDIAGONAL ELEMENTS 
c D IS THE CONSTANT VECTOR 
C W,Q, AND S ARE SCRATCH VECTORS 
C T IS THE SOLUTION 
KK=K-1 
W(1)=A(1) 
DO 40 I=l,KK 




DO 45 I=l,KK 
45 S(I+1)~D(I+l)-Q(I)*S(I) 
T ( K ) = S ( K ·) /W ( K ) 
DO 50 I=1,KK 
50 T(K-I)=(S(K-I)-B(K-I)*T(K-I+1))/W(K-I) 
RETURN 
END 
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